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THE EVIDENCE OF THREE DISTINCT GLACIAL EPOCHS 
IN THE PLEISTOCENE HISTORY OF THE SAN 
JUAN MOUNTAINS, COLORADO' 


WALLACE W. ATWOOD 
AND 

KIRTLEY F. MATHER 
Each of the six advances of ice from the Labrador and Keewatin 
centers during Pleistocene times was presumably accompanied by 
a similar formation and advance of glaciers in the Cordilleran region 
of North America. Each of the five interglacial intervals which 
have been recognized in the Mississippi Valley must have been 
accompanied by a shrinkage of the ice in the mountains which may 


or may not have resulted in complete deglaciation of the mountain 
areas. It is also evident that certain mountain groups, depending 
largely upon the latitude and altitude, may have been affected by 
less than the full number of ice formations and advances. Examples 
have been pointed out among the Uinta Mountains where certain 
basins that were glaciated during the earlier of two epochs were not 


occupied by ice during the later glacial epoch.? 

The difficulty of recognizing and differentiating glacial deposits 
of distinct epochs in the mountains is somewhat greater than that 
of identifying deposits of successive continental ice sheets. Each 

‘ Published with the permission of the Director of the United States Geological 
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ice advance in a single mountain valley would presumably remove 
most if not all of the deposits of a preceding advance. In most 
cases the erosive action of the ice formed during the epoch of maxi- 
mum glaciation would effectually destroy all evidence of previous 
glacial epochs. In all cases of distinct glacial epochs which have as 
yet been worked out among the mountains the morainic materials 
of the earlier epochs were deposited beyond the reach of all succeed 
ing ice advances. 

In each of the higher ranges of the North American Cordillera 
evidence of recent glaciation is abundant, but in only a few of the 
ranges have glacial studies been prosecuted with sufficient detail to 
demonstrate distinct glacial epochs. 

In the Bighorn Mountains of Wyoming evidences of two glacial 
epochs have been found.’ The earlier of these was slightly more 
extensive than the later and the time interval between the two must 
have been considerable. In addition to these two drift deposits 
certain large bowlders were noted as suggestive of a possibly still 
older and more extensive epoch of glaciation in that range. 

In the Sawatch range similar facts to demonstrate two glacial 
epochs have been ascertained.’ 

In this region a deposit of huge bowlders has been reported 
beyond the earliest known glacial drift, and in such relations to the 
present topography that if proven to be of glacial origin they would 
demonstrate a third and much older glacial epoch. 

In the Uinta and Wasatch mountains morainic deposits of two 
well-defined epochs of glaciation have been identified,’ and in the 
Front range of the Rockies the drift deposits have likewise been 
referred to two glacial epor hs.4 

In the San Juan Mountains of southwestern Colorado the effects 
of glaciation have been noted by many observers. In the Telluride, 
La Plata, Silverton, Needle mountains, and Rico folios evidence of 


the recent glaciation is presented, and reference is made to certain 


Salisbury and Blackwelder, Jour. Geol., XI (1903), 216-23. 
( ipps ind Lefiingwell J ir. Coe " XII I19g04), 095-700; Capps, l ae Geol. 
Sur Bull. 386 (1907); Westgate, Jour. Geol., XIII (1905), 285-312. 


W. W. Atwood, U.S. Geol. Survey, Prof. Paper 61 (1909). 


+S. H. Ball, U.S. Geol. Survey, Prof. Paper 63 (1908), 83-86; F. L. Ransome, U.S. 

















ee 





i A lh 





— oo 


PLEISTOCENE HISTORY OF SAN JUAN MOUNTAINS 





vel deposits suggestive of glaciation in more remote Pleistocene 
es. Satisfactory evidence of an earlier epoch of glaciation was 
ind in the progress of the field work for the Ouray folio.’ It is 
teworthy that these deposits on the north side of the range which 
re undoubtedly formed during an epoch of glaciation preceding 
last occupation of this range by ice are apparently of greater age 
n those made by the “earlier ice”’ of the mountain groups cited 
ove. They are in harmony with the scattered deposits found in 
Bighorn and Sawatch ranges which suggested a third and still 
lier glaciation, rather than with the earlier of the two well- 
tined epochs which have been noted in several of the Cordilleran 
intain groups. A fuller statement regarding these deposits will 
given later in this paper. More recently, in the Engineer 


Mountain quadrangle of the San Juan Mountains, evidence of two 


cial epochs has been recognized.? 

Work upon which the present paper is based.—In 1910 the glacial 
posits of the La Plata, Animas, Florida, Vallecito, and Pine 
lleys on the southern and southwestern slopes of the San Juan 
ige were studied in detail and these studies revealed the evidence 
two distinct glacial epochs.’ 

In 1911 similar studies in the valleys of Weminuche and Huerto 
eeks and the Piedra River, on the southeastern, of the Rio Grande 
the eastern, and of the Uncompahgre and Dallas, on the northern 
pes of the range, have resulted in the finding of evidence which will 
presented as proof of three distinct glacial epochs in the history 


{ 


lis mountain group. 
Vomenclature.—It is not as yet possible definitely to correlate 


e glacial epochs among the mountains with those of the conti- 
ntal ice sheets, and even if such a correlation could be correctly 

ide it may prove desirable to have different names for the epochs 

ssociated with the two types of glaciation which existed on this 
ntinent during the Pleistocene period. Throughout this paper 

three epochs now known to have existed in the San Juan area 

ll be referred to by the names which were applied and used in the 

Howe and Cross, Bull. Geol. Soc. Am., XVII (1905 s1-74; Cross and Howe, 


G Sur Folio 153 (1907 
\. D. Hole, U.S. Geol. Survey, Folio 171 (1910). 
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progress of the field work. In the selection of the names an attempt 
has been made to recognize some of the glacial studies which have 
contributed to the solution of this problem. 

The earliest and oldest of the three known glacial epochs is 


San Juan glacial epoch”; the intermediate epoch, 
‘older,’ is here called the “ Bighorn 


designated the 
formerly called the “earlier”’ or ‘ 
glacial epoch”’; while the most recent and youngest of the three is 
referred to as the ‘‘ Uinta glacial epoch.” 

It is believed that it may also be of advantage to apply names 
to the interglacial intervals as well, and for that purpose the 
following names are tentatively proposed: for the interval between 
the San Juan and Bighorn glacial epochs the term “‘ Uncompahgre 
interglacial interval” is suggested; and for the interval between 
the Bighorn and Uinta glacial epochs we may use the term “ Animas 
interglacial interval.’’ These names have been applied because 
portions of the valleys of the two streams named are good examples 
of the canyon development accomplished during the interglacial 
times. 

The Pleistocene period in the western mountains would then 
be subdivided, beginning with the earliest of the known glaciations 
in that region, as follows: 

San Juan glacial epoch. 

Uncompahgre interglacial interval. 

Big Horn glacial epoch. 

Animas interglacial interval. 

Uinta glacial epoch. 

General features of the San Juan Mountains.—The San Juan 
Mountains embrace an area of about 3,000 square miles in south- 
western Colorado, extending westward from the San Luis Park to 
within fifty miles of the Utah boundary. North and south the 
mountainous area varies in width from 25 to 40 miles. The 
central portion of the region is a group of rugged peaks, many of 
which are over 14,000 feet in elevation, while the borders of the 
range slope downward to the plateaus of New Mexico and Utah. 

The central mountain mass is formed of igneous rock, both 
volcanic and intrusive, which during Tertiary times was built 
up into a great volcanic plateau several thousand square miles in 
extent. Beneath the volcanics, the sedimentary rocks of Paleozoic 
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| Mesozoic age dip away from the central portion of the region; 
. few of the deeper valleys and near the present borders of the 
canic area, the complex of pre-Cambrian sediments, schists, 
eisses, and intrusive rocks upon which the Paleozoic and Mesozoic 
ks rest, is exposed. About the margin of the range there are 
e clastic sediments of Tertiary age. 
[he range has been maturely dissected by the headwaters of 
r great streams which have attacked it from every side. On the 
st the Rio Grande, on the south the San Juan, on the west the 
Dolores, on the north the Gunnison, each with its many tributaries, 
penetrated to the very heart of the mountains. The Rio 
rande flows to the Gulf of Mexico, while the other three, finding 
eir way across the plateaus through deep canyons, join the 
jlorado River and thence empty into the Gulf of California. (See 


rig. i. 


[he work of each of these stream systems has been greatly 
fluenced during Pleistocene times by the action of glacial ice. 


\lany of the peaks and divides were notably sculptured by ice action 





| the valleys in the mountains show the effect of the passage of 
glaciers through them. On the surrounding mesas and plateaus 
re are some glacial deposits and in the valleys beyond the base 
the range there are many terraces and benches which may be 
ced upstream to the terminal moraines just within the moun- 
nous region. 

lhe more readily recognized deposits of the two younger epochs 

| be first described, so that the evidence- bearing upon a third 

| still earlier epoch may be more clearly presented. 

The Uinta glacial epoch in the San Juan Mountains.—During 
inta times ice collected at the heads of nearly all of the larger 
reams in the San Juan area and moved for a greater or less 
stance into the valleys below. In the heart of the range only the 
cher peaks and divides were above the glaciers, but as the ice 
oved outward from the central portion of the range it became 
meentrated in the larger valleys and left much of the region 
nglaciated. In each of the valleys thus far studied the glaciers of 


the Uinta epoch were strictly limited to the valleys and in no case 


id they extend far beyond the foothills of the range. 
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The largest of the glaciers of this epoch was that which occupied 
the Animas Valley on the south slope of the range. The gathering 
rounds for this glacier covered several hundred square miles and 
t had a length of over fifty miles. The terminal moraine deposited 
hen this glacier was at its maximum extent is near Animas City, 
two miles north of Durango. This moraine consists of two well- 
arked ridges swinging across the valley floor in broadly crescentic 
ines. Downstream from the Animas City moraine there are 
uutwash deposits which extend for many miles. Upon one of the 
rrace remnants of this outwash is situated the city of Durango. 
[wo slightly different levels appear to have been capped with 
itwash materials at this time and the uppermost of the two is less 
1an fifty feet above the present stream channel. 

Similar but smaller glaciers occupied the valleys of the Florida, 
Vallecito, and Pine rivers, situated east of the Animas. The 
erminal deposit of the Florida glacier is in the form of a number of 

yw hills or knolls scattered over the valley floor, while the ice in 
the other two valleys coalesced and the terminal deposit crosses the 

ley flat of the Pine River a mile below the junction of the two 
treams. 

Still farther east the four large streams which together form the 
Piedra River show the results of ice occupancy during the Uinta 
epoch. The terminal deposits in these valleys are likewise well 
within the foothill zone and, as shown in Fig. 2, are limited to the 
immediate valley flats. The streams have cut but narrow channels 
through these morainal barriers. 

Another glacier of considerable size occupied the valley of the 
Rio Grande, extending from well within the Silverton quadrangle 
to the eastern margin of the San Cristobal quadrangle. South and 
southeast from Bristol Head at the lower ends of Middle Creek, 
frout Creek, and South River (see Fig. 3) there is a very con- 
siderable mass of morainic material deposited from the glaciers 
which, during Uinta times, filled the four valleys mentioned and 
united in the Rio Grande Valley. This deposit has a typical 
morainal topography and must aggregate a thickness of 200 to 300 
feet in places. Near the middle of the Rio Grande Valley, the 
material is almost entirely that left by the Rio Grande glacier and 
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it contains great quantities of bowlders of pre-Cambrian rocks 
quartzites, schists, gneisses, and granites—which must have been 
obtained from near the headwaters of the Rio Grande. The débris 





Map of the upper Piedra River 


pography San ¢ bal quadrangle and Hayden Atlas 


4 Miles 
bi 


transported by the tributary glaciers from the south is largely of 
volcanic origin. 

The third largest glacier of the region during this epoch was 
that in the Uncompahgre Valley on the north side of the range. 
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[ce formed in the cirques of the Silverton quadrangle and moved 
thward by the present site of the city of Ouray to a point fully 









n miles downstream from that city where the ice ceased to 
lvance and deposited a remarkable terminal moraine. This is 
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the largest of the terminal moraines as yet described in the San 
Juan area; it is over 400 feet in height’ and forms a crescentic 


ridge across the valley flat just northeast of the village of Ridgway. 
Near the headwaters of Dallas Creek, a tributary to the 
Uncompahgre from the west, there were small glaciers during the 


Howe and Cross, Bull. Geol. Soc. Am., XVII (1906), 254-55; Cross and Howe, 


U.S. Geol. Survey, Folio 153 (1907 
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Uinta epoch. These glaciers formed in the basins near the north 
base of Mount Sneffels. The terminal moraines of these glaciers 
are conspicuous masses of drift in the valley and upstream from 
these morames there are other glacial deposits. 

The extreme recency of the Uinta glaciation is shown in many 
ways. The materials of the moraines are fresh and unaltered, 
retaining in many cases polished surfaces and striae. Post-Uinta 
weathering and stream erosion are of very limited amount as shown 
not only by the glaciated rock surfaces so numerous in the upper 
courses of the streams but also by the character of the glacial 
débris itself. The streams are still engaged in the task of cutting 
channels through the drift and clearing it away from their courses, 
while downstream from the terminal moraines the outwash terraces 
are never more than a few feet above the present stream channels. 
Most conspicuous of all, as noted by many observers in the western 
mountains, is the slight modification which the later glacial deposits 
have undergone. Typical knob and kettle topographies are present 
in the drift deposits at many places and small lakes occupy many 





of the undrained depressions. 

The Animas interglacial interval.—The time interval immediately 
preceding the epoch of glaciation which has just been described 
was a time of active erosion in the San Juan area. The streams 
were vigorously engaged in the work of lowering their channels, 
and canyons were cut beneath the level of the broad valley floors 
which had received the deposits of the next earlier or Bighorn 
glacial epoch. The Animas River lowered its channel during this 
time by more than 300 feet, near the city of Durango, while the 
valley deepening in the Uncompahgre Valley was even greater. 
This change in work from that of lateral planation in progress 
during the Bighorn glacial epoch, to that of active downward 
cutting, may be attributed to the clearing of the waters following 
the melting away of the Bighorn ice, but it is probable that this inter- 
val of canyon cutting is an evidence of mountain growth during or 
immediately following the Bighorn epoch. A slight renewal of the 


domal uplift movements that seem to have affected this region 
several times during Tertiary and Quaternary times would have 
rejuvenated streams radiating from the central portion of the 
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me. Further physiographic studies in the range will probably 

a eld conclusive data on this problem. 
The Bighorn glacial epoch—Beyond the limits reached by the 
inta ice at its maximum extent there are, in each of the valleys 


‘ted above, deposits of glacial drift which prove the presence in 
ese valleys of ice of an earlier epoch. These drift deposits are, 

most cases, remnants of the terminal moraines of the next 
rlier, or Bighorn, glaciers and are found from one to three miles 
S ownstream from the Uinta terminal moraines. The greater size 
the Bighorn glaciers is also evidenced in some of the valleys by 
1e presence of remnants of lateral moraines on valley slopes at 
reater elevations than those of the Uinta epoch at those localities. 





[he remnants of the terminal moraines deposited by the Bighorn 
e are in each case situated on rock benches which vary in elevation 
to something more than 300 feet above the present stream 


Pe ae 


hannels. This relationship is well shown in the Animas Valley 
here the Bighorn moraine is found on the very prominent rock 
: ench east of the city of Durango and at an elevation of more than 
o feet above the present valley bottom. The northern portion 
of this rock terrace is heavily mantled with the morainal débris, 
while downstream from the front of the moraine the terrace is 
capped with outwash gravels having in places a thickness of at 
east thirty feet. In each of the main canyons east of the Animas 

similar conditions obtain. 
At the time of the advance of the Bighorn ice Huerto Creek 
see Fig. 2) was tributary to the Weminuche through the low sag, 
now partially filled with Uinta drift, just south of the San Cristobal 
quadrangle, and the ice in the two valleys, coalescing at this point, 
moved down Weminuche Creek a distance of three miles below the 
lower limits of the Uinta drift in that valley. Remnants of the 
terminal moraine deposits at this point are found on a rock bench 
75 feet above the present stream. The small amount of post- 
Bighorn Valley cutting here as compared with that in the Animas 
Valley is probably due to several causes. The diversion of the head- 
waters of Huerto Creek, which will be accounted for later, robbed 
the Weminuche of nearly half of its former volume; the Animas is 
a very much larger stream than the Weminuche and is capable of 
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doing much more work in the same time; the domal movement 
which caused the renewal of down cutting during the Animas inter- 
glacial epoch may have been differential. Eastward from Huerto 
Creek two other canyons have been studied in which Bighorn 
glacial deposits have been recognized. 

In the Rio Grande Valley the deposits of Bighorn drift are found 
extending downstream about two miles below the Uinta terminal 
moraine and are banked against the eastern wall of the Rio Grande 
Valley a short distance up Lime Creek (see Fig. 3) and southward 
across the latter to the eastern wall of South River Valley. The 
conspicuous ridge southeast from Bristol Head on the floor of the 
Rio Grande Valley, which stopped the further advance of the Uinta 
ice at that point, is also capped with drift bowlders dropped upon 
it when it was overridden by the more extensive Bighorn ice. 
Downstream from the terminal moraine in this valley there are very 
notable outwash terraces of considerable extent with an elevation 
of nearly a hundred feet above the present stream channel. 

In the Uncompahgre Valley on the north slope of the range 
similar relations exist between the drift of the two later epochs of 
glaciation. On the extreme southeast corner of the Uncompahgre 
plateau near Dallas there is a glacial drift deposit capping the mesa. 
The bowlders range in size up to three feet in diameter and com- 
prise quartzite, sandstone, shale, tuff, and a variety of volcanic 
rocks. Some of the stones in this deposit are striated. In this 
deposit there are also large angular blocks of Dakota sandstone 
which were certainly not carried by water. They are at present in 
the midst of the bowlder deposit some hundred feet above the 
Dakota surface beneath them. The Dakota surface rises gently 
toward the west and forms the Uncompahgre plateau. The angular 
blocks could not have attained their present position by sliding or 
by stream action. They show no signs of stream wear. Up the 
Uncompahgre canyon the nearest Dakota outcrop is several miles 
distant, and the only agent that was capable of gathering, trans- 
porting, and depositing these blocks in their present position was 
glacial ice. This fact, combined with the variety of bowlders, their 
wear and striations, is adequate proof of the glacial origin of this 
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deposit although it has lost its morainal topography. Since this 
deposit is on a rock bench several hundred feet above the valley 
flat and downstream from the Uinta terminal moraine has lead to 
the interpretation that it is of Bighorn glacial age. Directly across 
he valley on the hills east of Dallas there are other drift deposits 
ith weak morainal topography which have also been interpreted 
remnants of the Bighorn drift. Downstream from these patches 
Bighorn moraine there are several remnants of the outwash 
\aterials from the ice of this epoch. These outwash gravels cap 
ock benches at elevations of 300 to 500 feet above the present 
iannel of the Uncompahgre River. 
Downstream from the Uinta moraines in the headwaters of 





Dallas Creek there are remnants of an older series of moraines 
which have been interpreted as of Bighorn glacial age (see Fig. 4). 
\ssociated with these deposits there are still remaining some out- 
vash materials which are believed to have been deposited at the 
time the moraines were laid down. 
Although the glaciers of the Bighorn epoch were as a rule 
slightly longer than those of the Uinta epoch, in no case did they 
extend beyond the foothill zone surrounding the range or override 
the walls of the canyons very far so as to spread out over the 
bordering lands. The Bighorn epoch glaciers were all of the valley 
type. The valley trains of the Bighorn epoch were of greater extent 
than those of the later epoch, and the gravel-capped terraces which 
are remnants of the Bighorn valley floors may be traced for several 
miles down each of the larger streams radiating from the range. 
The amount of valley cutting beneath the level upon which the 
Bighorn deposits were laid down was much greater than that which 
has been accomplished since the last retreat of the ice. The length 
of the Animas interglacial interval, which immediately preceded the 
Uinta glaciation, was certainly several times as long as the time 
since the last melting away of the ice. 
The Uncompahgre interglacial interval_—Adjacent to the range 
on the south there are extensive bowlder-capped mesas high above 
the outwash material of the Bighorn epoch. The Florida and 


Fort Lewis are good examples of such mesas. Similar gravel- 
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capped elevations have been noted at many places about the range, 






and in the Ouray quadrangle such gravel cappings have been mapped 










as ‘‘ Earlier Terrace Gravels.’” 
"he mesas slope away from the mountains with gradients of 


150 to 250 feet per mile; their surfaces are from 500 to 1,000 feet 
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bove the present valley flats, and in each case they are at elevations 
50 to 200 feet above the adjacent terraces which bear the Bighorn 
outwash gravels. Wherever it has been possible as yet to observe 
their relations to remnants of San Juan drift it has been noted that 


( nd Howe, U.S. G Su I 1532 (10 
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e mesa surfaces are cut into and below the elevations now 
ntled with the drift of that, the oldest known, glacial epoch. 


[he bowlder-gravels capping the mesas may be found to be, in parts 


: ion a 


outwash materials from the early glaciers, and, in part, remnants of 
videspread deposit made by the larger streams during and perhaps 


¥ mediately following the San Juan glacial epoch. They may 
ong in part to the Uncompahgre interglacial epoch. 

| Some time after the retreat of the San Juan ice the streams 
gan to erode their channels vigorously in the mountainous portion 


the area. Much of the material removed from the upper courses 


1e streams was deposited as great alluvial fans on the bordering 


teaus. This process of canyon deepening in the mountains con- 
ied until much of the San Juan area was skirted by a piedmont 
\vial plain sloping gently away from the central mountain region. 
Che dissection of these bowlder-capped mesas began as the 
ects of rejuvenation advanced upstream through the bordering 
teau country, and continued until the inauguration of the Bighorn 
cial epoch, when the streams again became heavily loaded with 

bris and began to aggrade their valleys. 
rhe distribution of the deposits that have been interpreted as 
longing to the San Juan glacial epoch is such as to indicate with 
rtainty that the great canyons through which the glaciers of the 
o later epochs moved did not exist as deep troughs at the time of 
earliest known or San Juan epoch. Deposition of bowlder- 
vels may have characterized the earlier part of the Uncompahgre 
nterval, but it is evident that before the close of the interval great 
nyons had been developed. This interval was certainly much 
nger than the Animas interglacial interval and it may have been 
rked by many changes in physiographic conditions which have 

t as yet been determined. 

rhe valley forms suggest that the streams had reached a tem- 
rary base level and had somewhat widened their valleys by 
teral planation in the lower country before the formation of the 
Bighorn glaciers. The rock benches which are now capped with 
Bighorn moraine and outwash were then the floors of the valleys. 
The San Juan glacial epoch—Evidence bearing on a third and 
uch earlier glacial epoch has now been secured from three widely 
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separated portions of the range (1) near the southeast margin in 
the valleys of the Piedra and certain of its tributaries, (2) at the 
eastern side of the range in the Rio Grande Valley, and (3) at the 
northwest in association with the valley of the Uncompahgre and 
the plateau of the same name. The first suggestion that there was 
evidence of a third and much earlier epoch of glaciation in this range 
than had been determined in the Cordilleran region of North 
America was secured from the paper by Howe and Cross, so often 
referred to above.t From an inspection of the maps it appeared 
that if the mantling material of Horsefly Peak was indeed glacial 
that it must belong to an epoch of glaciation far removed in time 
from the known glacial epochs of the western mountains. The 
first determination by the present authors of three distinct epochs 
was, however, made near the headwaters of the Piedra River. In 
that region, on the intervalley areas, high above the present streams 
and beyond the terminal moraines of the two later epochs, there are 
much older glacial deposits. The distribution of these deposits 
has been indicated on Fig. 2. 

The morainic deposits on the west side of Huerto Creek, a few 
miles above the Piedra, are, in part, fully 1,000 feet above the 
Huerto stream channel. They mantle the slope toward the stream 
in great landslide masses which appear to have come down in very 
recent times. In this deposit there are bowlders up to 9 feet in 
diameter and striated material is not uncommon. On the ridge 
between Huerto and Spring creeks the ancient glacial bowlders 
occur in abundance and in association with them there is a consider- 
able body of finer drift. Some of the stones in this drift are 
striated. The deposit on the west side of Huerto Creek appears to 
have come from the headwaters of the Piedra to the north eastward, 
and it is inferred from the relationship of these deposits, from the 
absence of the marks of glaciation in Huerto Creek canyon, and from 
the distribution of other deposits interpreted as of the same age, 
that the ice which left these deposits advanced over a surface which 
corresponded to the elevation of the intervalley ridges, and that 
the thousand-foot canyon of Huerto Creek has been excavated since 
the melting away of that ice. 


* Bull. Geol. Soc. Am., XVII (1905), 251-74. 
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Another large remnant of the San Juan drift occurs on a ridge 


o feet above the Piedra and on the south side of that valley. 
iny of the bowlders in this deposit range from 5 to 10 feet in 
meter and a few are known which reach 25 feet in diameter. 
the dissection of the country has progressed since the San 
n glacial epoch these bowlders have rolled down the valley 
From the distribution of these deposits the San Juan ice in this 

| rtion of the range must have been a large piedmont glacier which 
nded at least six miles beyond the mountains and had an areal 
nt on the lowlands of at least 30 square miles. The ice of 

\liddle Fork, the Piedra, and several smaller canyons appears to 
united to form this ancient glacier. The relief in this region 
ing the San Juan epoch must have been much less than that of 
\ 

[he complete physiographic map of this region has not been 
pleted because of the need of a good topographic base, but it 
ars from an examination of the region that the San Juan 
ial deposits are above and older than the bowlder mesa horizon, 
h it is believed has been correctly determined in this outlying 

ntry. 
Che oldest drift yet found in the valley of the Rio Grande occurs 
the north side of the valley high above the stream, at points 
veen the moraines of the Bighorn epoch and the city of Creede. 
fact that these deposits are high above the present valley and 
mn the intermediate slopes appears to have special significance. 
e modern valley had been excavated at the time the San Juan 
there would surely have been remnants of the drift left some- 
ere on the lower slopes in protected spots. Just east of the San 
Cristobal quadrangle this ancient glacial drift is found nearly 2,000 
above the present valley. Near Creede the deposit is repre- 
ted by a scattering of bowlders on the ridge just west of the city. 
ese bowlders have probably been reworked and let down some- 
t from the position where they were left by the ice. This older 
t is not difficult to recognize in the Rio Grande Valley because 
the presence in it of crystalline rocks which must have come from 


e western margin of the San Cristobal quadrangle or from still 
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farther west. The probable form of the San Juan glacier which 
advanced down the Rio Grande Valley is indicated on Fig. 3. 

At the northwest margin of the range the San Juan glacial drift 
is associated with the valley of the Uncompahgre River which has 
its source in the mountains south from Ouray. In its upper course 
the stream flows through a deep canyon cut between some of the 
highest mountain peaks of the range, but below Ouray the valley 
widens and above the broad open floor there are terrace remnants 
characteristic of the valleys in the plateau country bordering the 
mountains. 

Between Ridgway and Montrose the western slope of the valley 
is formed by the eastern escarpment of the Uncompahgre plateau. 
To the east, in the low country, the valley is bordered by low hills 
and mesas. Ten miles due west from Ridgway the divide between 
the Uncompahgre and the San Miguel rivers is marked by a line of 
hills rising above the surrounding plateau surface. The highest of 
these is Horsefly Peak, a hill composed of Mancos shale held up 
above the surrounding mesa by a protective capping of a heavy 
bowlder deposit. As noted by Howe and Cross‘ Horsefly Peak and 
the hills adjacent to it 
are covered so thickly by pebbles, bowlders, and blocks of volcanic material, 
often 10 or 15 feet in diameter, that in many places the hills have the appear- 
ance of being entirely composed of the detritus. The material was derived 
almost entirely from known late volcanic flows and breccias of the mountains 
and appears to have been once partly rounded or subangular, but has been 
much modified in form through weathering. In addition to the late volcanic 
rocks, there is a little granite and Algonkian quartzite, probably derived from 
an early Tertiary conglomerate, which in age immediately precedes the volcanic 
rocks and which is known to occur in the mountains to the south and east. 
The mass of the hill beneath the gravel is composed of Cretaceous shales 
resting on the Dakota sandstone, which forms the capping formation of the 
plateau, and it is probable that many of the moraine-like hillocks and depres- 
sions resembling kettle-holes may be due to the uneven erosion of the shales, 
but in a few places it is possible that true morainic forms exist, although much 
modified by erosion and weathering. 

Similar deposits occur on West Baldy, 53 miles south of Horsefly 
Peak, as noted by Howe and Cross, as well as on South Baldy, a few 
miles to the southeast, and on several hills rising above the level of 
Hastings’ Mesa to the southwest, as shown in Fig. 4. At each of 
Bull. Geol. Soc. Am., XVU 
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these localities these deposits suggest by their physical and litho- 
ogical heterogeneity, by their lack of assortment, subangular 
stones, by huge bowlders up to 25 feet in diameter, and topographic 
ituation that they are of glacial origin. At one locality over an 
rea of about one square mile there is an old morainic topography, 
~ and on Horsefly Peak, West and South Baldy striated stones were 
ound. The striae were all found on surfaces that had not been 
xposed. Most of the striated stones found were small, but on the 
underside of a huge bowlder on South Baldy, Professor R. D. 





Salisbury found a remarkable example of a smoothed, polished, 
ind striated surface. There is no question but that the material is 





of glacial origin. 

Landslides have frequently affected the disposition of these 
irliest glacial deposits, but this later topography can be easily 
: distinguished from the morainic topography. Scattered over the 
mesa surface to the east and northeast of Horsefly Peak there are 
several small deposits of bowlders which point to a former much 

more widespread deposit of glacial drift. 
On the eastern side of the Uncompahgre Valley between Cow 
Creek and Cimmarron Ridge there are extensive bowlder deposits 
which have now been referred to the San Juan epoch of glaciation. 
he portion of this deposit which lies within the Ouray quadrangle 
‘earlier moraine”’ and the 


‘ 


is been mapped in the Ouray folio as 
same formation extends some distance north of that quadrangle. 
Che deposit is similar to that at Horsefly Peak as far as the size 
nd assortment of the bowlders is concerned, although no quartzites 
and very few granites were observed there. In one locality on 
Burro Creek a good section of the bowlder-gravels is exposed and 
here it is seen that the bowlders are imbedded in a typical 
owlder-till. 
The components, arrangement, and topographic relations of 
these several deposits on the north side of the range show that they 
re remnants of a once more widespread formation which covered a 
rge area in this vicinity. The size and distribution of the 
materials composing the detritus, the fact that these huge bowlders 
have been transported many miles, and the glacial markings which 
some of them bear, point unmistakably to their glacial origin. 
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between the present drainage channels, and in front of the present 
mountain spurs, is in sharp contrast to that of the deposits referred 
to the Uinta and Bighorn glacial epochs. The latter are restricted 
to the present valleys and are much nearer the present mountain 
front. It is therefore evident that these outlying and somewhat 
scattered bodies of drift must be the work of the earlier and more 
widespread body of ice which has been referred to as the ice of the 
San Juan glacial epoch. 

The great age of the deposits made during the San Juan epoch 
is, in a general way, attested by their location on the present divides. 
Hundreds of square miles of surface, between the mountains and 
the remnants of San Juan drift, have been entirely cleared of glacial 
débris, and notable canyons now separate the mountains from the 
isolated hills capped with San Juan glacial bowlders. Furthermore, 
some of the bowlders in the San Juan drift are from formations 
which formerly covered the neighboring mountains but have since 
been removed from all but a few summits. It is quite certain that 
these formations were much more widespread at the time of the 
formation of the San Juan ice and, therefore, that the relief in the 
mountains was much less than at present. 

On the southern side of the range in the Piedra Valley drift of 
this oldest epoch which came from the mountains at the head of 
Middle Fork and the main Piedra River is now separated from the 
mountains by the 1,000-foot canyon of the Huerto River which must 
be entirely of post-San Juan age. The deposits capping Horsefly 
Peak and West Baldy are now separated from the mountain front 
by the drainage of Dallas and Leopard creeks which have lowered 
their channels far below the surface upon which the ice of this epoch 
rested. South Baldy and other elevations to the west that are 
capped with San Juan drift are distinctly separated from the main 
mountain front by erosion depressions. 

In general, erosion since the San Juan glacial epoch has been so 
complete and widespread that only those deposits which were 
situated where conditions were most favorable for their preservation 
have escaped removal. This is well illustrated by the conditions 


at Horsefly Peak. Although the drift there has been responsible 








The position of these drift deposits, on and near the divides 
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irge measure for the preservation of the shale upon which it 

sts and for the existence of the peak, the shale in turn has been 

i rotected from erosion by the underlying Dakota sandstone which 
rms the surface of most of the Uncompahgre plateau and has 
layed the headward growth of valleys that threaten the Horsefly 
Peak region. Erosion into the Dakota sandstone is still in the stage 


extreme youth, while nearly all of the overlying Mancos shale 





s been removed. This most remarkable plateau of the San Juan 
if strict is a very fortunate place for the preservation of a drift 
. posit through long periods of erosion, and it is on just such sur- 
es that other remnants of this ancient glacial formation are 

st likely to be found. 
Still more striking are the facts which may be deduced from 
e composition of the drift bordering the Uncompahgre Valley. 
he bowlders, as already noted, are almost entirely composed of 
volcanic rocks with only a very few fragments of quartzitic 
granitic rock. The latter are believed to have been derived 
m the bowlders of the Telluride conglomerate and their extreme 


ness is in sharp contrast to the great proportion of similar 
viders found in the Uinta and Bighorn drift of the Uncompahgre 
Valley. The quartzites of the two more recent glacial deposits 
in the main derived from the Uncompahgre quartzite of the 
ompahgre canyon south of Ouray, and the absence of bowlders 
this formation in the drift of the San Juan epoch indicates 
this formation was not exposed in this part of the range at the 
of the San Juan glaciation. At the present time the 
ompahgre quartzite is found outcropping on the canyon walls, 
feet above the stream. There must have been a canyon 
pening at this point of at least that amount since the glaciation 
ponsible for drift on Horsefly Peak and beneath Cimmarron 
Cie 
\gain, the relation of the San Juan drift near Creede to the 
ad upland valleys above the present canyons there suggests the 
xtreme age of this earliest of known Pleistocene deposits in the 
stern mountains. The relief of the mountains during this stage 
ist have been very much less than at the present time and the 
opography must have been characterized by broad, shallow, 
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mature valleys with low interstream ridges in marked contrast to 
the rugged peaks, the sharp divides, and the narrow canyons of the 
present time. The physiographic development of the great scenic 
features of the San Juan area is therefore largely the work of inter- 
and post-glacial times. 

The valley deepening in the San Juan Mountains since the San 
Juan glacial epoch must be reckoned in thousands of feet. The 
Uncompahgre interglacial epoch between the San Juan and Bighorn 
glaciations must have been several times as long as the Animas 
interglacial epoch. It is probable that the long period of erosion 
following this earliest glaciation was not a time of continuous valley 
deepening. In addition to the depositional interval during which 
certain high mesas were mantled with bowlders there may have been 
other epochs of glaciation which intervened between the glaciations 
of the San Juan and Bighorn epochs but which have left no per- 
manent record. The Uncompahgre interglacial epoch may not be 
in a strict sense an interglacial epoch but may include one or more 
glacial epochs as well. 

Comparing the deposits of these three known glacial times in 
the San Juan district it is at once seen that the earliest is in striking 
contrast to the two younger ones in point of area covered and dis- 
tance from the mountain front attained by the ice. The glacier 
which extended north from the range to some distance beyond 
Horsefly Peak should probably not be called a valley glacier. The 
San Juan ice on the south side of the range was not restricted to a 
valley, for it extended some distance beyond the mountain front as 
a great piedmont glacier. The wide area covered by ice at this 
time seems to indicate a period of far more extensive glaciation than 
that of the two epochs of valley glaciers, and_it is probable that 
during San Juan glacial epoch much of the mountain country was 
covered by an ice-cap, while piedmont glaciers deployed over the 
surrounding plateau lands. 

Relation of glacial epochs to physiographic stages in the history of 
the San Juan mountains.—The physiographic stages in the late 
history of the San Juan mountains have been worked out in some 
detail’ on the south and southwest sides, and in part on the north 


*W. W, Atwood, Jour. Geol., XTX (1911), 449-53. 
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side of the range. In outline these stages are as follows: At some 
time subsequent to the deposition of strata of Wasatch (Lower 
Eocene) age, and probably near or at the close of the Tertiary period, 
the San Juan region was reduced to an almost base-leveled con- 
dition. Only a few elevations remained as monadnocks above the 
peneplain upon which streams with gentle gradients were depositing 
t places a thin mantle of remarkably well-rounded and water- 
vorn quartzite and jasper pebbles. The cycle of erosion which 
developed this extremely old-age topography was closed by a general 
iplift in the district, which was emphasized in the San Juan dome. 
Dissection of the peneplain began in the uplifted dome area and 
resulted in the formation of great alluvial fans, composed of 
bowlders as well as gravels, upon the peneplain fringing the dome. 
\t the same time rejuvenation was working upstream across the 
broad plateau and as soon as this headward erosion had reached 
the margin of the dome the growth of the great alluvial fans ceased 
nd their dissection began. Remnants of this gravel- and bowlder- 
capped peneplain are now found as the summit elevations in the 
mountains and upon the neighboring plateaus. 

Below the peneplain level there are other broad bowlder-capped 

1esa-like forms which appear to represent the base to which the 
streams worked when the peneplain was first dissected. The 
bowlder-capped mesas noted in the paragraph descriptive of the 
Uncompahgre interglacial epoch are typical of this bowlder-mesa 
stage in the dissection of the area. Another uplift associated with 
the more or less continuous growth of the mountains deformed the 
graded surfaces of the bowlder-mesa stage, again rejuvenated the 
streams, and opened another cycle of erosion. The surfaces to 
which the streams then worked have been referred to in the studies 
on the south side of the range as the graded surfaces of the Oxford 
stage. Beneath these surfaces the streams have cut comparatively 
narrow valleys. 

The problem of the relationship of the epochs of glaciation to 
the stages in the erosion history of the range is of special interest. 
Che available data make it possible to present a tentative or werk- 
ing hypothesis for the solution of this problem. 

On the northern slopes of the range between Cow Creek and 
































408 WALLACE W. ATWOOD AND KIRTLEY F,. MATHER 


Cimmarron Ridge, and on the west of Horsefly Peak, the San Juan 
drift lies above and beyond fairly extensive bench surfaces covered 
with bowlder-gravels. These surfaces slope gently toward the 
Uncompahgre River. Their extreme evenness, as well as the size 
and assortment of the bowlders capping them, attest to their origin 
as graded surfaces of erosion upon which a bowlder deposit was 
made. These bowlder-covered surfaces are below, and appear to be 
cut into, the drift deposits and therefore are younger than the drift. 
It is believed that these surfaces are remnants of the graded surfaces 
developed during the bowlder-mesa stage of mountain dissection. 
If this is true the glaciation of the San Juan epoch was one of 
the incidents which took place during dissection of the late Tertiary 
peneplain previous to the development of the bowlder-mesas. 

On the south side of the range the Bighorn moraines and out- 
wash deposits are found adjacent to the graded surfaces of the 
Oxford stage near the Pine, Florida, and Animas valleys. The 
relations there indicate that the Oxford stage of mountain dissection 
was soon followed by the glaciation of the Bighorn epoch. During 
the Uncompahgre interglacial epoch the graded surfaces of both 
the bowlder-mesa and Oxford stages were developed. The Animas 
interglacial epoch was not of sufficient duration for the formation of 
great erosional features, but was brought to a close by the Uinta gla- 
ciation before the streams had again reached a temporary base level. 

Comparison of the glaciation in the San Juans with that of the 
adjacent mountains—A comparison of the glacial deposits now 
known to exist in the San Juan mountains with those reported from 
the neighboring mountain ranges of Colorado and Utah, as referred 
to in the opening paragraphs of this paper, shows that the two 
glaciations of those ranges, known as the ‘‘earlier” and “later,” 
are to be correlated with the Bighorn and Uinta epochs as above 
defined. In the mountain ranges from which two glacial epochs 
have been reported it is noted that the moraines of each epoch are 
limited to the immediate valleys and that the earlier is only slightly 
more extensive than the later. They bear the same relation to 
each other and to the topographic features of each region as that 
which characterizes the Bighorn and Uinta deposits of the San 


Juan mountains. 
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On the other hand, certain outlying bowlder deposits, recognized 
the Uinta mountains by the senior author and in the Bighorn 
nd Sawatch ranges by other observers, which there suggested a 


hird and earlier glacial epoch, would appear to correspond closely 
the deposits made by the ice of the San Juan epoch. Like the 


rift of that stage, as recognized in the San Juans, the bowlder- 
ivels noted in these ranges occur in patches at some distance 
ym the mountain front and situated on or near divides. It is 
obable, then, that drift of the San Juan glacial epoch will be 
ognized in other ranges of the western Cordillera, and it is hoped 
t additional data may be secured bearing on the amount of 
‘leistocene and post-Pleistocene erosion in this portion of North 
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THE OLD EROSION SURFACE IN IDAHO: A CRITICISM 
ELIOT BLACKWELDER 
University of Wisconsin é 


In another part of this volume," Mr. Joseph B. Umpleby 
describes an old peneplain in the northwestern mountain states, and 
discusses the evidence bearing upon its age. The original planation 
was so nearly completed that comparatively few monadnocks 
were left. The surface truncates folded sedimentary and meta- 
morphic rocks intruded by batholiths of granite, thought to be of 
Triassic or older age. Since it was made, the plain has been lifted 
into a plateau and then intrenched by systems of valleys, some of 
which are as much as 5,000 feet deep. In many places this process 
has completely destroyed the old peneplain, but in some parts of 
central Idaho it has left flat-topped remnants of considerable area. 
By putting together various observed facts, the author reaches the 
conclusion that the peneplain was made during the Eocene period, y 
that it was then uplifted and the great valleys excavated during 
the Oligocene, and that in the bottoms of these depressions, lake 
beds were deposited in Miocene time. 

I do not question the identification of the flat-topped remnants 
and accordant summits as parts of an old elevated peneplain, and 
it is evident that, as the author says, the plain was developed after 
the deformation of the strata about the close of the Cretaceous 
period. It does seem to me, however, that the facts given by the 
author himself, and others which may be noted here, lead neces- 
sarily to quite different conclusions regarding the age of the plain. 

The first point in the author’s chain of argument to prove the 
Eocene age of the peneplain is that so-called “‘lake-beds”’ of Miocene 
age were deposited in the valleys excavated in the old plateau after 
it was elevated. It is a fact that continental deposits of various 
ages are now found lining the bottoms of large depressions rather 
generally throughout the Rocky Mountain region, but there are 





* Journal of Geology, XX, No. 2 (1912), pp. 139747. 
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several ways in which such conditions may come about. One 
nethod is the deposition of the sediments in the bottoms of the 
valleys, in essentially their present state, as suggested in the article. 
Again where weak materials have been down-folded or down- 
faulted between masses of harder rocks, they may be eroded to a 
lowland on account of difference of resistance to denuding processes. 
Cases of this sort are well known in the Colorado park region and 
have been pointed out recently by Davis." A third hypothesis is 


that the broad valleys occupied by the sediments were excavated 


| filled before the old peneplain was made. It is clear that if 
hrough differential changes of level such filled valleys came to lie 
below grade level for the streams of the planation period, the sedi- 
ments could not be wholly removed, but would be as permanent as 
the most resistant rocks of their surroundings. The Cambrian 
sediments in the Baraboo Valley of Wisconsin illustrate the principle. 
If the author has considered these various possibilities, the paper 
presents no evidence to show that the first hypothesis has any 
advantage in this case over the second or the third. 
The second point made is that the Oligocene period should be 
llowed for the development of the broad valleys in which the 
\iocene sediments are supposed to have been deposited. It may 
be pointed out here that most of the sediments mentioned are 
believed to be late Miocene, according to Osborn’s? recent classi- 
fication, so that it may be permissible- to add the earlier part of the 


Miocene period to the time allowed for the process. Furthermore, 
erosion proceeds at such different rates under different circum- 
stances, that it is quite impossible to estimate the amount of time 
necessary for the intrenchment of the Idaho plateau. It may be 
questioned whether the early Miocene epoch would not suffice, or 
why, on the other hand, it might not be necessary to add the 
Eocene to the Oligocene, to account for these valleys. Surely no 
trustworthy determination of the age of the peneplain can be 
attained by allowing a geologic period for a process of unknown 
time requirements. 

* W. M. Davis, “Front Range in Colorado,” Annals of the Association of American 
Geographers, I, 1912, p. 43. 

*H. F. Osborn, “‘Genozoic Mammal Horizons of the West,”’ U.S. Geol. Survey 

1. 361, 1909. 
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In the opinion of the author, there is a significant relatior 
between the position of this dissected plateau and the bodies of 
Eocene sediments in the north Rockies and plains adjacent on the 
east. The inference is made that these sediments could not have 
been produced by the dissection of the plateau after it was*elevated, 
partly because the volume of material obtainable from such dissec- 
tion would be supposedly insufficient, and partly because the 
drainage seems to have been westward rather than eastward, since 
the uplift. 

In the first place, it seems evident that no sufficient quantitative 
study has ever been made of the volume of either the Eocene 
sediments or the material removed in dissecting the plateau, to 
give the first argument any considerable weight, especially as we do 
not know to what extent other regions to the north, east, or south 
may have contributed sediments. As to the second point also, it 
may be said that no connection has been shown between the Eocene 
strata and the source of the sediments, and that it seems within 
t 
several other directions as well as from the west. In this connec- 


1e bounds of probability that material may have come from 


tion I may point out that Mr. Umpleby’s map, showing the distri- 
bution of sediments of Eocene age which he thinks may have been 
derived from the peneplain, includes large outcrops of the Fort 
Union and correlative formations. Yet the Fort Union in the north 
Rockies has been upturned, folded, and beveled off, and upon its 
trunkated edges the Lower Eocene strata were subsequently depos- 
ited. It would therefore seem necessary to believe that the Fort 
Union formation was deposited before the completion of the deforma- 
tive movements which the author rightly thinks preceded the cycle 
of erosion represented by the peneplain. 

For these reasons I can see but little value in the train of argu- 
ment by which the author reaches the conclusion that the peneplain 
furnished the material for the Eocene sediments and which leads 
him to say: “That the plateau surface is of Eocene age, there 
seems to be little room for doubt.” In view of the fact that several 
interpretations other than those suggested by the author may be 
applied to the observed data, it seems to me that there is very 


large room for doubt. There are, indeed, some additional facts 
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h are matters of general knowledge, that seem to indicate a 

h later age than Eocene for the plateau surface described by 
\Ir. Umpleby. These necessitate a short introduction for the sake 
earness. 

It is said that “faulting and folding have affected the plateau 
of central and eastern Idaho since its last elevation, but through 
he integrity of the old surface has persisted in a remarkable 
ee.’ In the preceding paragraph, however, it is pointed out 
the remnants of the peneplain do not vary greatly in altitude, 

aximum being 10,000 feet in central Idaho and from that 

g off very gradually to 8,000, 7,000, and even 5,000 feet at a 
ince of some 400 miles. Unless there is some other evidence 
he supposed folding and faulting, the reader is justified in con- 
ling from the facts presented that the plain has been subject 
‘ely to very gentle changes of level, which may be termed mild 
jing, rather than folding. This very slightly warped condition 
the old peneplain should be compared with the much more 
mounced deformation visible in the late Eocene sediments and 
is of closely adjacent regions on several sides. Thus, imme- 
tely southeast of the region under consideration, the late Eocene 
| Oligocene beds of northwestern Wyoming have an average dip 
and in some places form anticlines with 25° dips on either 

b. In addition to this, they have been broken by normal 
ilts of several thousand feet displacement. Again, on the south- 
stern confines of the central Idaho region itself, the Payette 
rmation, which seems to be safely identified by fossil plants as 
late Eocene age, varies in elevation from less than 1,000 feet 
wove sea-level near Weiser, to nearly 6,900 feet above sea- 
vel east of Boise.t In the same region the dip of the fine 
int-bearing shales, which were doubtless deposited in horizontal 
osition, is now generally 1o-15°, and not rarely 25°; while at 
one point it rises as high as 80. Still more striking is the 
ondition in west-central Washington, less than 1oo miles from the 
Republic district in which the old peneplain is said to be readily 
lentified. There the Eocene and even the late Miocene formations 


W. Lindgren and N. F. Drake, U.S. Geol. Survey, Folio 104, Silver City, Idaho 
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have been shown by Willis' and Smith and Calkins’ to be notably 
folded into a series of well-marked anticlines and synclines. There 
seems to be adequate proof in the Snoqualmie quadrangle that this 
deformation took place about the middle of the Miocene period, so 
that the case is relieved of the usual difficulties arising from uncer- 
tainties of correlation. If the peneplain is Eocene in age it must 
have suffered the same deformation that produced in these Eocene 
strata average dips of to and in many places of more than 25°. 
Under those circumstances it could not retain so nearly its original 
plane character that (barring intrenched valleys) it still differs in 
altitude only 5,000 feet in 400 miles, or in other words, declivities 
of but a small fraction of one degree. Rather, the evidence seems 
to show that this peneplain is much younger than Eocene and 
probably post-middle-Miocene. 

The comments here made upon Mr. Umpleby’s article have 
been called forth by the fact that the peneplain, definitely assigned 
to the Eocene, is offered to students of Rocky Mountain geology 
as a valuable ‘‘datum plane in broad areas where time relations 
between the Algonkian and the Pleistocene are otherwise obscured.” 
The peneplain probably has real existence, and may be used as a 
datum plane to determine the relative ages of other geologic events 
in the same region; but it should not be regarded as an index of 
Eocene age, and its exact chronological value will depend upon a 
more reliable future determination. 

*G.O. Smith and B. Willis, “Geology of Central Washington,” U.S. Geol. Survey, 
Prof. Paper 19, 1904 

G. O. Smiru and F. C. Catxkrns, “Reconnaissance of the Cascade Range,” 


U.S. Geol. Survey, Bull. 235, 1904. Also Snoqualmie, Wash., Folio (139), U.S. Geol. 
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SUMMARY 
| GENERAL DESCRIPTION 
The Alaska Range is the great crescentic belt of mountains in 
south-central Alaska that in general forms the divide between the 
streams which drain southward to the Pacific Ocean and those 
* Published by permission of the Director of the U.S. Geological Survey. 


415 

















416 STEPHEN R. CAPPS 


which join Kuskokwim and Yukon rivers to empty into Bering Sea. 


The name has commonly been used to include the mountains 
between the headwaters of Skwentna River and Mentasta Pass, 
but at its southern end the range is not sharply separated from the 
Chigmit Mountains of the Alaska Peninsula, although the con- 
stituent rocks of the two mountain masses are different and their 
axes, while parallel, do not coincide. At its east end the Alaska 
Range is directly continuous with the Nutzotin Mountains. The 
following descriptions are confined to that portion of the range 
which lies between meridians 144 and 153 west longitude. Con- 
sidered as a whole, the Alaska Range is a rugged mountain belt 
broken by but a few widely separated passes. In the region near the 
head of the Skwentna three breaks in the range are known which 
may be crossed by pack animals to the Kuskokwim basin. North 
of these passes the range becomes of impressive height and rugged- 
ness, culminating in two great peaks, Mount Foraker and Mount 
McKinley, with elevations of 17,000 and 20,300 feet respectively. 
Northeast of Mount McKinley the range decreases in height, and 
at the head of certain tributaries of Chulitna River is broken by one 
or two passes. East of Nenana River the range once more becomes 
rugged, the loftier peaks averaging about 8,000 feet in height, 
although Mount Hayes reaches an elevation of over 13,700 feet. 
Delta River crosses the range in a low pass, east of which the highest 
peaks are from 8,000 to 10,000 feet in elevation. 


HISTORY OF EXPLORATION 


The first white man to cross the Alaska Range was Lieutenant 
Henry T. Allen, who discovered Mentasta Pass in 1885. West 
of this pass the mountains were unexplored until 1898, when J. E. 
Spurr’ crossed from the Skwentna basin to the Kuskokwim, 
Eldridge? ascended the Susitna and crossed Broad Pass to Nenana 
River, and Mendenhall,’ attached to an army exploratory party 


J. E. Spurr \ Reconnaissance in Southwestern Alaska, in 1808,” Twentieth 
! Rept. U.S. Ge Sur Pt. 7, 1900, pp. 31-264. 

G. H. Eldridge, *‘A Reconnaissance in the Susitna Basin and Adjacent Terri- 

\laska, in 1898,” ibid., pp. 1-30. 


W. C. Mendenhall, “‘A Reconnaissance from Resurrection Bay to the Tanana 

















he Se 














GLACIATION OF THE ALASKA RANGE 417 


ler Captain E. F. Glenn, crossed Delta Pass. Since that year 
geologic and topographic surveys have gradually been extended 
intil only small portions of the range are now unknown. Captain 
Herron, in 1899, discovered Simpson Pass at the head of Kichitna 
River, and explored a portion of the Kuskokwim lowland. In 
» Brooks and Prindle* traversed the range at Rainy Pass and 
owed the north slope of the mountains between Kuskokwim and 
Nenana rivers, and in the same year a topographic and geologic 
p? was made of the south slope between Delta and Mentasta 
ses. In 1903 Dr. F. A. Cook organized a party for the ascent 
\fount McKinley from the northwest. The route already estab- 
d by Brooks and Prindle from Tyonek to the head of the 
Skwentna, and thence along the northwest base of the mountains, 
followed as far as Muldrow Glacier. From that point the 
ty proceeded in an eastward direction, discovered a pass across 
clacier, and emerged on the headwaters of Chulitna River. In 
6 a topographic map was made by R. W. Porter of a portion of 
‘ northwest border of Susitna basin. In rg1o the area on the 
north of the range between Nenana and Delta rivers was mapped‘ 
geologically and topographically, as was a portion of the range south 
of this,s and during that same summer some explorations were 
rried on in the high range southeast of Mount McKinley by a 
party under the leadership of Herschel Parker and Belmore Brown. 
In rgr1 a portion of the northwest border of the Susitna basin was 
visited by the writer.° This gradual completion of reconnaissance 
surveys has added to our knowledge of the geography of the region 
intil the time seems ripe to summarize briefly the facts with regard 
* A. H. Brooks and L. M. Prindle, ‘“‘The Mt. McKinley Region, Alaska,” Prof. 

ber U.S. Geol. Survey No. 70, 1911. 
2, W. C. Mendenhall, “Geology of the Central Copper River Region, Alaska,’’ 

Paper U.S. Geol. Survey No. 41, 1906. 
Published in “The Mt. McKinley Region, Alaska,” Prof. Paper U.S. Geol. 
No. 70, 1911. 


/ 


+S. R. Capps, “The Bonnifield Region, Alaska,” Bull. U.S. Geol. Survey No. 501, 


F. H. Moffit, “‘Headwater Regions of Gulkana and Susitna Rivers, Alaska,” 
U.S. Geol. Survey No. 498, 1912. 


6**The Yentna Region, Alaska,” Bull. U.S. Geol. Survey. In preparation. 
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to the past and present glaciation of the range as observed by the 
several geologists who have worked in this field. Such a summari- 
zation must naturally be incomplete until the range has been fully 


mapped. 
DISTRIBUTION OF EXISTING GLACIERS 


The distribution of existing glaciers in the surveyed areas is 
shown in the accompanying map, Plate I. In many cases the 
upper ends of the glaciers lie in unexplored and unmapped portions 
of the mountains and in these places the probable headward exten- 
sions of the glaciers are indicated by a different pattern. The shapes 
of the unmapped portions will be modified when more exact informa- 
tion is obtainable, but their general position is believed to be 
approximately as indicated. 

As is to be expected, the glaciers reach the greatest size and are 
most closely spaced in the higher portions of the range, and are 
smaller, or are wanting altogether in the regions of lower relief. 
They are all, however, distinctly of the valley-glacier type, and 
differ in this respect from the glaciers of lower Kenai Peninsula, 
the Wrangell Mountains, and the coastal range west of Mount 
St. Elias, which originate in the ice caps and spread from these down 
the valleys. No extensive ice caps exist in the Alaska Range and 
each glacier is fed from ice which accumulates in its own basin. 

By far the largest glaciers of the range are those of the group 
which drains from the northwest into the Susitna basin. These 
head on the slopes of the highest mountains of North America, 
and by their presence so obstruct the approaches to the crest of the 
range that an area of several thousand square miles exists which 
has never been penetrated by man. This group doubtless includes 
large ice tongues which lie in the unsurveyed area east of Mount 
McKinley, and are, therefore, not shown on Plate I. 

The next important group of glaciers is that which occupies the 
range for about 50 miles west of Delta River, and which includes 
many large and vigorous ice streams which do not, however, equal 
in length or area those in the vicinity of Mounts McKinley and 
Foraker. The third group lies east of Delta River and the glaciers 
become smaller and disappear as Mentasta Pass is approached. 
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The north side of the range is here unsurveyed, but it is reported 
that the glaciation is less extensive on that side than on the south. 
The glacial conditions east of the pass and on the north side of the 
Wrangell Mountains have already been briefly described." 

One of the most striking features of the map (Plate I) is the 
great development of the glaciers on the southward slope of the 
range as compared with those on the north slope, especially in the 
vicinity of Mount McKinley. Two factors are believed to be 


responsible for this unequal distribution of glacial ice. Probably 


the most important of these is the greater amount of precipitation on 
the south slope. The moisture-laden winds from the Pacific in 
passing northward over the range drop most of their content as 
snow on the south slope. On the interior slope the precipitation 
is light, and as the amount of snowfall has a controlling influence 
in the growth and continued activity of glaciers, the southward- 
moving ice tongues have a great advantage over the poorly fed 
glaciers on the north. The second factor which favors the Pacific 
slope glaciers is the greater area of their accumulating grounds. On 
the south slope the average distance from the crest line to the base 
of the main range is more than 25 miles, while on the north it is 
only half this distance. The area of accumulation of those on the 
north slope is therefore much more restricted and the glaciers 
are correspondingly of smaller proportion. This unequal develop- 
ment of glaciers holds in other parts of the range as well, in the 
vicinity of Mount Hayes, and east of Delta River, in regions where 
there is not the same discrepancy in the area of the collecting fields. 
The advantage is here given to the southward-moving glaciers by 
the greater snowfall on that side of the range. 


INFLUENCE OF GLACIERS ON THEIR VALLEYS 


rhe erosional effects of glaciers upon their valleys have been 
so frequently and so fully discussed by many writers that it is 
unnecessary to dwell upon them here in detail. The most notice- 
able results of this erosion are the development of the great U- 
shaped troughs, with the removal of the minor irregularities seen 


5. R. Capps, “Glaciation on the North Side of the Wrangell Mountains, Alaska,” 
Jour. Geol., XVIII (1910), 33-57. 
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in stream-developed valleys, and the truncation of the lateral spurs, 
giving straight-walled rock troughs. Where the valley makes a 
bend in its course the ice erosion has developed great sweeping 
curves so that the glaciers seldom bend at sharp angles. These 
topographic features, with hanging tributary valleys and a large 
number of other characteristic and readily recognizable phenomena 
of glacial erosion, are of service in determining the thickness and 
former extent of the glaciers in those places where deposits of 
glacial débris are not to be found. 


EVIDENCE OF EARLIER AND MORE EXTENSIVE GLACIERS 


The outer limits to which the glaciers of the Alaska Range 
reached at the time of their maximum extent have for the most 
part not yet been determined, and much careful detailed work will 
be required before this limit can be accurately marked. There 
are certain facts available, however, which show ina general way the 
area covered by the ice during its greatest development. On the 
south side of the range no limit of glaciation is shown on the accom- 
panying map (Plate I), for all of the area here shown except the 
higher peaks and ridges of the more important mountain ranges 
was covered by glacial ice. The entire Copper River basin was 
occupied by a great glacier, as has been recognized from abundant 
deposits of glacial till, which are found throughout the basin at 
points as far as possible removed from the mountains in which the 
ice must have originated. The Copper River ice sheet was of 
great thickness, for it escaped from the basin in a number of 
directions. It certainly pushed north across Delta Pass, and 
probably also to the northeast through Mentasta Pass. 

To the west it extended into the head of Susitna basin, as is 
shown by the widely distributed deposits of glacial till in that 
region. Matunaska Valley heads in a broad divide at an elevation 
of 3,000 feet, and probably furnished an outlet for the glacial ice 
to the southwest. The present drainage outlet of the basin, 
through the Copper River Valley, was also an outlet for a part of 
the glacial ice, although it is probable that this outlet was not 
the course followed by the pre-glacial streams and that it was not 


established till Glacial times. Near the mouth of Chitina River 
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glacial erratics and glacially sculptured mountain tops show that 
the great Copper River Glacier at that point overrode mountains 
5,690 feet in height. The bed of the glacial valley is here about 
500 feet above sea-level so that the glacial ice must at one time 
have been at least a mile in thickness.’ 

The Susitna Basin Glacier to the westward was continuous with 
that in the Copper River basin and was of a similar order of magni- 
tude. It filled the broad Susitna lowland and extended southward 
down the Cook Inlet depression. It may even have reached to the 
mouth of the inlet, though this has not yet been determined. 
Some idea of the thickness of this ice sheet may be gained from the 
fact that north of the mouth of Skwentna River the Yenlo Hills, 
an isolated group of hills which lie more than 20 miles from the 
Alaska Range, show glacial erosion and have foreign erratic bowlders 
at an elevation of 3,300 feet above sea-level, and the ice probably 
stood several hundred feet higher than the point at which the 
erratics were found. Along the flanks of the main range there is 
evidence that the ice surface reaches elevations of over 4,000 feet. 
The conclusion, therefore, seems unavoidable that at the time of 
greatest ice accumulation all of the area between the crescent 
of the Alaska Range and the Pacific Ocean was so covered with 
glacial ice that only the higher peaks and ridges of the range, and 
of Talkeetna, Chugach, Kenai, and Wrangell Mountains projected 
above its surface. It must be remembered, however, that these 
basins were most favorably situated for large glaciers to accumulate, 
for they were surrounded on all sides by high mountains from which 
a multitude of valley glaciers descended to the lowlands. Only a 
part of the ice originated in the Alaska Range to the north and west. 

The restricted development of the earlier glaciers on the interior 
slope of the Alaska Range as compared with those on the south 
and east slope is even more striking than the difference which exists 
between the present-day glaciers on the opposite sides of the range. 
In considering the northern limit of glaciation as shown on the 
map (Plate I) it is necessary to have in mind the fact that much 
of this region is still unsurveyed and that the writer intends to 
show only in a very general way the borders of the area which the 


t F, H. Moffit, oral communication. 
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ice covered. The region north and west of Mount McKinley has 
been visited by but one surveying party, whose route, however, lay 
close to the mountains, well within the glaciated area. Brooks' 
states that “the position of the northern front of the ice in the 
Kuskokwim basin has not been determined but there is reason to 
believe that it extended as far as Lake Minchumina, or about 30 
miles beyond the mountain front.” The area between Nenana and 
Delta rivers was studied by the writer in 1910,’ and it is believed 
that the northern limit of glaciation as shown on the map for that 
region is not greatly in error. The country east of Delta River 
is still unsurveyed and the ice limit as shown is believed to be only 
an approximation. It is probable that the same factors which are 
responsible for the difference in area of glacial ice on opposite sides 
of the range today and which have already been discussed were 
operative at the time of the great ice advance, and explain the 
lesser development of the northward-moving glaciers at that time. 


EXISTING GLACIERS 


It is not the purpose of this paper to give a detailed description of 
the multitude of glaciers of the Alaska Range, and such a task 
would be impossible in the present state of our knowledge of 
them. Brief descriptions of a few of the more important glaciers 
which have been observed will, however, be given, especially those 
which have been visited by the writer in person, and such facts as 
have a bearing on the recent history of the glaciers, whether they 
seem to be advancing or retreating, will be recorded. 


SUSITNA BASIN 

SKWENTNA DRAINAGE 

Skwentna River has a number of glaciers at the heads of its 

various tributaries, but many of them lie in unmapped territory 

and most of them are not of large size. They are sufficiently numer- 

ous and active, however, to keep the river in a turbid state during 

‘A. H. Brooks, “The Mt. McKinley Region, Alaska,” Prof. Paper U.S. Geol, 
Survey No. 70, 1911, p. 126. 

2S. R. Capps, “‘The Bonnifield Region, Alaska,”’ Bull. U.S. Geol. Survey No. 501 
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the summer, and to cause it to build extensive gravel flats in 
favorable portions of its course. 


YENTNA DRAINAGE 


Both forks of Yentna River are known to rise in glaciers, those 
on the west fork being of comparatively small size. The East Fork 
has its source in two large ice tongues, one of which probably heads 
on the slopes of Mount Dall, and flows eastward, and the other 
apparently drains the ice from the southern flank of Mount Russell, 
and moves in a southward direction. The two tongues meet at 
their distal ends at an elevation of about 400 feet above sea-level. 
As seen from a distance, both of these glaciers seem to be relatively 
free from morainal covering at their lower ends, though they are 
striped with longitudinal surface moraines. It is not known 
whether they are advancing or retreating as they have not been 
critically observed. 

Glacio-fluvial deposits and moraines.—The forks of Yentna 
River both show the characteristic features of glacial streams above 
their junction, having wide, bare flood plains of sand and gravel, 
over which the stream flows in an intricate network of braided 
channels. Below their junction the stream maintains a much more 
definite channel to its mouth. The valley floor throughout its 
length, however, is covered with a heavy deposit of glacial outwash, 
and bed rock outcrops along the banks at only a few places. Some 
recognizable terminal moraine occurs between the forks for a few 
miles above their junction, but such deposits are not common. 
Extensive terraces are developed from the earlier outwash gravels 
and border the present stream flat in its lower course and are of wide 
extent between lower Skwentna River and the Yentna (Plate I). 

Kahiltna Valley.—Kahiltna River, a tributary of the Yentna, 
some 25 miles above its mouth, heads in one of the largest glaciers 
of the Alaska Range. This glacier, which terminates 600 feet above 
sea-level, has pushed to the edge of the mountains and is expanded 
somewhat in its lower end into a piedmont lobe which is four miles 
wide at its face. For the lower 13 miles of its length this ice tongue 
averages 3 miles in width, has a smooth, even gradient, and is little 
broken by crevasses except near the edges (Fig. 1). The surface is 
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unusually free from moraine except for a zone along either side, 
and white ice shows all the way to the lower end. From favorably 
situated points along its sides the lower 20 miles of the glacier may 
be seen, but above this a bend in the valley cuts off the view. A 
number of tributary ice streams may be seen joining the main 
glacier from either side. Above the bend the extent of the Kahiltna 
Glacier is not known, but the great size of the lower portion indicates 
that the supply basin must be large. It doubtless extends to the 
crest of the range, and probably includes the southern slopes of 
Mount Foraker. In all, this glacier is probably at least 35 miles 
long, and its area, including the many headward tributaries, must 
be well over 100 square miles. 

An examination of the lower end of Kahiltna Glacier shows that 
the edge has probably been about stationary for a longtime. There 
are no important recessional moraines to be seen, and spruce trees 
many inches in diameter grow close to the glacier front. The 
ice edge must, therefore, be as advanced as at any time for at least 
one hundred years. 

A number of streams which themselves head in glaciers enter 
Kahiltna Valley from the east above the terminus of the glacier, 
the waters disappearing beneath the ice, or joining the marginal 
streams. Among these separate, smaller ice fields are the unusually 
beautiful ones at the heads of Granite and Hidden creeks (Fig. 2). 

Glacio-fluvial deposits and moraines: Below Kahiltna Glacier 
the stream flat shows a bare expanse of gravel bars nearly 4 miles 
wide at the glacier, and the turbulent river flows across this aggrad- 
ing flood plain in a complex of constantly shifting channels. The 
materials are coarsest near the glacier, and become progressively 
finer down stream. As the distance from the ice front increases 
the width of the bare flat is diminished by the encroachment of 
spruce timber and shrubs from either side. About 17 miles from 
its source the stream gathers into a single channel and enters a 
postglacial gorge to which it is confined for much of the remainder 
of its course to the Yentna. Glacio-fluvial terraces are not con- 
spicuously developed along the Kahiltna, but the interstream 
areas bordering the river are covered by a coating of glacial till 
and morainic material of varying thickness (Plate I). 
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CHULITNA RIVER DRAINAGE 


Tokichitna Valley—Tokichitna River, a tributary of the Chu- 
litna, receives the discharge from two very large and one medium- 
sized glacier. The smallest of the three, at the head of the valley, 
is known as Little Tokichitna Glacier. In its lower part it is 
nearly a mile wide, and although most of its basin is unsurveyed 
the glacier has probably a length of at least 10 miles. For several 
miles above its terminus the surface of this glacier is so covered 
by moraine that no ice is visible, except along the lower edge where 
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Fic. 3.—Glacier at the head of Granite Creek, and the rugged mountains between 
Kahiltna and Tokichitna glaciers. 


stream cutting is active. This ice tongue also differs from most 
valley glaciers in that its sides are not steep, and separated from 
the valley walls by a depression, even at its lower end. The sides 
fit flush against the rock valley walls, and detritus from the walls 
and from steep tributary gulches moves directly out upon the sur- 
face of the glacier (Fig. 4). The terminal moraine has been removed 
almost as rapidly as deposited, and accumulations at the glacier 
end are small. Trees of considerable size grow only a few hun- 
dred feet in front of the ice foot, and directly in its path, so that 
the glacier cannot have retreated far for a long period of years, 
or if it has, it has readvanced an equal distance. 
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Tokichitna Glacier, the principal source of Tokichitna River, 
joins the east-west valley of that stream from the north, 3} miles 
below the end of Little Tokichitna Glacier. It is one of the four 
largest glaciers of the range, and the borders of the lower 20 miles 
of the main lobe have been mapped. For this distance the ice stream 
averages nearly 2 miles in width, with a maximum width of over 23 
miles. The upper unexplored portion lies among the high, rugged 
peaks of the range, and probably heads on the slopes of Mounts 
McKinley and Hunter. The total length must be nearly 30 miles. 








Fic. 4.—The moraine-covered lower portion of Little Tokichitna Glacier, 1911 


The lower end is moraine covered for several miles above the 
terminus, but above the first bend white ice appears. A heavy 
growth of spruce timber, close to the front edge of the glacier, 
shows that the ice edge is now as far advanced as it has been for a 
long time, and probably indicates a state of equilibrium between 
supply and wasting. 

Near the mouth of Tokichitna River a third, very large glacier 
pushes out from the mountains from the northwest and spreads 
out into a bulb-shaped piedmont lobe over 4 miles wide. It is 
known as either Mud or Ruth' Glacier, the former being the name 
most generally used by the miners of the district, and said to have 


Doubleday, Page & Co., 1908, p. go. 
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*F. A. Cook, To the Top of the Continent. 
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been given because of the dirty, moraine-covered character of the 


terminus. 

The lower 16 miles of the glacier, which have been mapped 
show an average width of nearly 3 miles. In this section the 
the glacier makes a great bend, and the direction of movement in 
the principal headward tributary is from north to south. 

Glacio-fluvial deposits: None of the large glaciers of the Toki- 
chitna basin have left conspicuous terminal moraines, and this is a 
result of the topographic position of the glacier ends, situated as 
they are in confined valleys where the glacial waters are given 
abundant opportunity to remove the glacial débris as it is dropped 
by the ice. There are, however, extensive deposits of stream-laid 
glacial outwash, for although the streams are of large volume they 
are overloaded, and the aggradation of the valley floor is rapid. 
Tokichitna River resembles the other glacial streams already 
described in the development of its aggrading flat, and in the way 
in which it splits up into many branching channels. 

Main Chulitna Valley—Chulitna River is known to receive 
drainage from several small and one large glacier from the north- 
west, above the Tokichitna. The large ice stream, named Fidéle 
Glacier by Cook,* who has published the only description of it, is 
described by him in the following terms: 

The glacier starts from the northeast ridge of Mount McKinley and flows 
almost due east for fifteen miles, where it receives a large arm from the north. 
Five miles southeast of this another arm swells the bulk of the great icy stream, 
and then it takes a circular course, swinging toward the Chulitna. Its face 
is about seven miles wide, its length is about forty miles, and the lower ten 
miles are so thoroughly weighted down by broken stone . . . . that no ice 
is visible. 

Northwest of this glacier there is a stretch of nearly 70 miles of 
mountains which are almost all unsurveyed, and about the glacia- 
tion of which little is known. 

HEAD OF SUSITNA RIVER 

The headwaters of the main fork of Susitna River, and its 
tributary the Maclaren, were surveyed in 1910. In the high 
mountains of this area the glaciers are closely spaced and fill the 


tF, A. Cook, op. cil., pp. 9Q-9I. 
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headward ends of all the important valleys (see Plate I). In 
describing these glaciers Moffitt’ says: 
The most conspicuous of these glaciers are Gulkana Glacier, the glacier in 
which Eureka Creek and East Fork of Maclaren River head, Maclaren Glacier, 
nd the two large glaciers at the head of Susitna River. The last two are 
much larger than any others in this region. They are fed by the snow fields 
in the high rugged country south of Mount Hayes and Cathedral Mountain 
ind are the principal sources of the Susitna, although the glaciers to the east 
ilso contribute much water. The westernmost of the two large glaciers is 
ibout 25 miles long and more than 1} miles wide throughout its whole length- 
The eastern glacier is about 2 miles wide, but is not so long as the first. Mac- 
laren River Glacier is much smaller than either of these, being a little more 
than ro miles long and not more than a mile wide at its lower end. Gulkana 
Glacier and Cantwell Glacier (10 miles northwest of the westernmost Susitna 
Glacier) are remarkable . . . . in that they contribute water to both Bering 
Sea and Pacific Ocean drainage. 
Most of these glaciers appear to be retreating. Their surfaces are smooth, 
they end in smooth slopes rather than ice cliffs, and most of them show by the 
position of terminal moraines that they have receded considerably in recent 


times. 


The peculiar drainage mentioned by Moffit deserves a further 
word of description. Three glaciers on the south side of the range, 
namely, Cantwell Glacier, the glacier at the head of Eureka Creek, 
and that one in which Gulkana River heads, all contribute water to 
two separate great drainage basins. The obvious outlet for the 
waters from all these glaciers is to the south, for the distance to the 
sea is shortest in that direction, and a high mountain range must 
be crossed by any northward-flowing streams. No detailed studies 
have been made at any of these places, but in each of the three 
cases the controlling conditions were probably much the same. 
The greater accumulation of glaciers on the south side of the range, 
at the time of the maximum glaciation, filled both Copper River 
and Susitna basins with ice to a great thickness, as has already been 
stated. This ice body found such outlets as were available and 
at least two tongues pushed northward across the Alaska Range 
through what are now Broad and Delta passes. These outlets 
of escape were probably determined by low divides created by the 

*F. H. Moffit, “Headwater Regions of Gulkana and Susitna Rivers, Alaska,” 


Bull. U.S. Geol. Survey No. 498, 1912, p. 53- 
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preglacial streams. Both passes were scoured deeply by glacial 
erosion, and when the ice retreated the low gaps were left. We do 
not know whether the early postglacial drainage followed the present 
lines or not, but as the valleys were gradually filled with glacial 
outwash gravels the streams flowed sometimes in one direction, 
sometimes in the other. Gulkana Glacier, in the fall of 1910, was 
observed to send most of its water into the Delta River drainage, 
although a small stream flowed to the Gulkana. The constant 
shifting of channels which takes place doubtless gives the Gulkana 
the greater portion of water in some years. 


COPPER RIVER BASIN 

Between Delta and Mentasta passes there is a large number of 
glaciers draining by various tributary streams into Copper River. 
As the mountains are here all less than 10,000 feet in elevation, 
the glaciers are in general smaller than those of the higher moun- 
tains west of the Delta. Mendenhall, who visited these glaciers 
in 1902, says:" 

The most conspicuous of them is the one in which Gakona River rises 
(Fig. 7). It is perhaps 12 miles long and expands near its foot to a width of 
3 miles. This lower portion is a rough, pinnacled mass of ice which rises several 
hundred feet above the valley floor on either side, and is visible for many miles 
in either direction. 

Chistochina Glacier fills the greater part of the narrow piedmont valley 
north of Slate Creek and the upper Chisna. It flows east and west into 
branches of Chistochina River, and receives as tributaries a number of smaller 
glaciers which flow down from the crest of the range. 

Mendenhall fails to state whether the glaciers at the time of 
his visit gave evidence of recent retreat or advance. 

GLACIO-FLUVIAL DEPOSITS AND MORAINES 

Great areas in the Copper River basin are covered with deposits 
which are directly or indirectly, of glacial origin. In the inter- 
stream areas these beds are composed largely of glacial till. Along 
the stream courses there are extensive deposits of glacial outwash 
gravels. Their distribution is shown on Plate I. 


W. C. Mendenhall, “Geology of the Central Copper River Region, Alaska,”’ 
Py Paper U.S. Geol. Survey No. 41, 1905, p. 89. 
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The vegetation-covered terminal moraine indicates that the glacier is in a state 


ier from below. 


Gakona ( 
Photograph by W. C. 


Fic. 7: 
of retreat. 












CAPPS 


TANANA AND KUSKOKWIM 
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Mendenhall, 








BASINS 


The Tanana slope of the Alaska Range, between Mentasta 
Pass and Delta River Valley, is unsurveyed, and little is known of 


the glaciers there beyond 
the fact that as seen from 
Tanana River there ap- 
pears to be no great 
development of snow 
fields in these moun- 
tains, and it is likely 
that the glaciers are 
smaller than on the 
south slope, as in other 
parts of the range. 

DELTA RIVER DRAINAGE 

Two large ice tongues 
push down toward Delta 
River from the east and 
furnish a_ considerable 
part of its waters. The 
uppermost of them, 
known as Canwell Gla- 
cier, heads opposite to 
Gulkana Glacier. Its 
upper basin is unsur- 
veyed. The terminus 
pushes down to within 
two miles of the Delta 
and is heavily moraine 
covered. <A short dis- 
tance north of it an- 
other, Castner Glacier, 
terminates at the edge 
of the Delta Valley. Its 
front is somewhat ex- 
panded forming a bulb- 
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shaped lobe, and is covered with morainal material upon which alder 
brush and other bushes have established themselves. Its melting 
waters emerge as a large stream from beneath the ice (Fig. 8). 

















Fic. 8.—The emergence of a glacial stream from beneath Castner Glacier, 1910 


| West of Delta River the mountains are higher and the glaciers of 
larger size. One large unnamed glacier emerges from the central 
part of the range and terminates on the banks of Delta River. 
It is known to have a length of more than 20 miles, and averages 
more than a mile in width. Its terminal end is heavily covered 
| with débris, and terminal moraine deposits indicate that the glacier 
is retreating. 
DELTA CREEK DRAINAGE 
Delta Creek drains a part of the high group of mountains in 
the vicinity of Mount Hayes and heads in two important glaciers. 











434 STEPHEN R. CAPPS 


That one which gives rise to the main fork of the stream is 17 miles 
long and in places is two miles wide (Fig. 9). The lower end is 
moraine covered for several miles and gives evidence that it is 
probably in a state of retreat. East Fork of Delta Creek has its 
source in a glacier which descends from the slopes of Mount Hayes. 
While most of its waters are tributary to Delta Creek, a small 
lobe drains northwest to Little Delta River. 


LITTLE DELTA RIVER DRAINAGE 


East Fork of Little Delta River rises in the third large north- 
ward-flowing glacier from the mountains about Mount Hayes and 
Cathedral Mountain (Fig. 10). Some of its headward tributaries 





Fic. 9.—Delta Creek Glacier. The high peak at the right is Mount Hayes. 1910 


lie in unexplored territory, but the glacier is known to be more than 
15 miles long and its main lobe is over 13 miles wide. The foot 
is moraine covered and ends in a thin edge. Outstanding moraine 
ridges show the glacier to be retreating. 


OTHER GLACIERS IN UNSURVEYED AREAS 


To the west of the East Fork of Little Delta River there are a 
number of streams, notably West Fork of Little Delta River, 
Wood River, Yanert Fork of Nenana River, and Toklat River 
which head in unsurveyed areas, but which are known from the 
character of their waters and from the reports of prospectors to head 
in glaciers. In most of this region the mountains are lower than to 
either the east or the west, and it is probable that the glaciers are 
of comparatively small size. 
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KANTISHNA AND KUSKOKWIM DRAINAGE 

The glaciers on the northwest slope of the range, in its highest 
part, drain either by Kantishna River to the Tanana or into the 
Kuskokwim. Only a narrow belt along the base of the mountains 
has been surveyed and information concerning the glaciers is 
meager. Of them Brooks' says: 

\ll the largest northward-flowing glaciers of the Alaska Range rise on the 
slopes of Mount McKinley and Mount Foraker. Of these the largest are the 
Herron, having its source in the neve fields of Mount Foraker; the Peters, 
vhich encircles the northwest end of Mount McKinley, and the Muldrow, 
vhose front is about 15 miles northeast of Mount McKinley, and whose source 





Fic. 1o.—Glacier at the head of East Fork of Little Delta River. The high peak 
in the center is Cathedral Mountain. Photograph by J. W. Bagley, 1910. 


is in the unsurveyed heart of the range. The fronts of all these glaciers for a 
distance of one-fourth to one-half a mile are deeply buried in rock débris. 

\long the crest line there are numerous smaller glaciers, including many of 
the hanging type. Both slopes of Mount McKinley and Mount Foraker are 
ice covered. . . . . The glaciers that came under the observation of the writer 
all appeared to be receding rapidly. There is, however, little proof of the rate 
of recession. Spruce trees about 6 inches in diameter were seen in the old path 
of the Muldrow Glacier about 5 miles from the present ice front. If the age 
of these trees is estimated at fifty years, this fact, so far as it goes, indicates an 
average annual recession of about one-tenth of a mile. 

QUATERNARY DEPOSITS IN THE TANANA AND KUSKOKWIM BASINS 

Since the higher mountains are still in the glacial period, and 
since moraines and outwash materials are now being, and have 

tA. H. Brooks, “The Mt. McKinley Region, Alaska,” Prof. Paper U.S. Geol. 


Survey No. 70, 1911, pp. 125-26. 
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been continuously deposited since Pleistocene times, it is impossible 
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to make a sharp separation between the deposits which are directly 
or indirectly of glacial origin, and those which are now being formed 


by the streams. 


Glacial waters form such an important element 


in the drainage of both Kuskokwim and Tanana rivers that all the 
deposits of these two great rivers might be considered to be of 


glacio-fluvial origin. 


On the accompanying map (Plate I) all 


the Quaternary deposits, including morainal material, glacial 
outwash, terrace gravels, and the present stream deposits, are 
mapped in a single pattern, and are indicated only within the area 
which is believed to have been covered by glacial ice. Beyond 
the northern limit of glaciation, as mapped, the broad lowlands 
of both Tanana and Kuskokwim rivers are covered with Quaternary 
deposits which probably attain great thickness. It should be 
remembered that northwest of Mount McKinley the line along 
which the northern limit of glaciation is mapped, and much of the 
area shown as covered with Quaternary deposits, has not been 


critically studied, and the mapping as given here has only a tenta- 


tive value. 


SUMMARY 


The higher portions of the Alaska Range are still in the glacial 
period, the difference between the present glaciation and the 


former more extensive glaciation being one of degree and not of kind. 


The present mountain glaciers are all of the valley-glacier type, no 


large, unbroken ice caps being known. 
5S f=] 


Even at the time of the 


maximum glaciation the higher peaks and ridges probably pro- 


jected above the ice mass, and the mountain glaciers even then 


were valley glaciers. 


In earlier times the glaciers protruded from 


their mountain valleys and coalesced into piedmont glaciers. On 


the south side of the range these attained great size, filling both 


Copper and Susitna basins and extending southward along the 
valleys of these rivers to the Pacific Ocean, and having a thickness 


measured in thousands of 


feet. Ice from these basins pushed 


northward across the Alaska Range through Delta and Broad 
passes, and probably also through Mentasta Pass. On the north 


side of the range the former glaciers were also of much greater 
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size than the present ones, but the ice fields there were never 
equally extensive with those on the south. The present 
distribution of glaciers shows the same contrast between those 
on opposite sides of the range, but the discrepancy is not so 
great now as formerly. In the vicinity of Mount Hayes this 
difference is least well marked, the ice tongues draining to the 
Tanana being only slightly smaller than those at the head of the 
Susitna. None of the earlier glaciers north of Mount Hayes reached 
more than 30 miles farther than the present ice edge, while south of 
this mountain the glaciers extended more than 200 miles beyond 
the present terminations. From the facts available in regard to 
this point, the glaciers of the Alaska Range seem in general to be in 
a state of retreat. Several large glaciers southeast of Mount 
McKinley are exceptions to this rule and are either advancing or 
have remained about stationary fora time sufficiently long to allow 
good-sized trees to grow in their paths. 

The Alaska Range offers a wide range of types and a great num- 
ber of examples of the many forms of valley glaciers, and offers an 
attractive and practically untouched field for the student of glacial 


phenomena. 














SOME SMALL NATURAL BRIDGES IN EASTERN 
WYOMING" 


V. H. BARNETT 


Natural bridges have been described at length by Mr. Herdman 
F. Cleland? in a paper read before the Geological Society of America, 
December 29, 1909, and less extensively from time to time by 
Walcott, Cummings, Pogue, and others.* 

Small bridges observed by D. E. Winchester and the writer, in 
Weston and Converse counties, Wyoming, seem to justify a brief 
description, as they belong to a little different class from any 
discussed by these writers. Of the different types enumerated the 
bridges in Wyoming more nearly resemble the one formed by a 
petrified log spanning a ravine in the petrified forest of Arizona, 
described by Mr. Cleland,‘ but differ from it in that they owe their 
existence to indurated masses or concretions instead of to a petrified 
log as in the case cited by Mr. Cleland. 

The beds of the Fort Union and Lance formations of this 
district (eastern Wyoming) contain a predominance of soft sand- 
stone and sandy shale. Almost everywhere in the sandstone are 
inclusions of concretions and indurated masses. They present a 
great variety of forms. Some are nearly perfect spheres from the 
size of a marble to eighteen or twenty inches in diameter; others 
are more irregular and vary from the shape of a log to very irregu- 
lar masses sometimes several hundred feet in length. These larger 

* Published by permission of the Director of the U.S. Geological Survey. 

2 Cleland, H. F., Bull. Geol. Soc. Am., XXI (1910), pp. 313-38, pls. 18-38. 

3Charles D. Walcott, “The Natural Bridge of Virginia,’ Nat. Geog. Mag., V 
(1893), pp. 59-62; Herdman F. Cleland, “The Formation of Natural Bridges,” Am. 
Jour. Sci., 4th ser., XX (1905), pp. 119-24, 3 figs.; V. H. Barnett, “‘A Natural Bridge 
Due to Stream-Meandering,” Jour. Geol., XV (1908), pp. 73-75, 2 figs.; Byron, Cum- 
mings, “‘ The Great Natural Bridges of Utah,”’ Nat. Geog. Mag., XXI (1910), pp. 157-67 
Joseph E. Pogue, ‘‘The Great Rainbow Natural Bridge of Southern Utah,”’ /bid., 
XXII (1911), pp. 1048-56, 6 figs. 


4 Loc. cit. 
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indurated masses when they lie in the way of a receding gulch some- 
times result in natural bridges. Their origin is easily explained. 
As the gulch receded the water first exposed the indurated mass, 
then a waterfall was formed and undercutting commenced. This 
process soon removed the softer material until the water flowed 
under the harder mass and a natural bridge was formed. In 
Fig. 1, a loglike concretion is seen at the very head of a gulch, 
which has recently been undercut. The diameter of the concretion 
is about three feet and its length is about ten feet. In this case 





Fic. 1.—Loglike concretion occurring in friable sandstone of Lance formation 
about eight miles south of Moorcroft, Wyo. 


one could step from the bridge to the bank at the head of the 
gulch. 

Fig. 2 represents a bridge spanning a ravine 30 feet wide and 12 
feet deep. The loglike concretion is 5 feet wide by about 3 feet 
thick and is quite uniform throughout its length. It is flat on top 
and sufficiently firm to support a saddle-horse, as shown in the 
picture. The third case (Fig. 3) shows an indurated sandstone 
mass less regular in outline than either of the others. This one was 
visited by Mr. Winchester who states that the bridge is about 16 
feet long and 4 feet wide on top. The thickness of the indurated 
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mass spanning the gulch is about four feet at one end and two feet 
at the other. As may be seen by the illustration it is about ten feet 





Fic. 2.—A natural bridge in the Lance formation at head of a gulch on the divide 
between Cow and Lightning creeks, Wyo. 





Fic. 3.—Natural bridge in the Fort Union formation about 30 miles northeast of 
Douglas, Wyo. (Photograph by D. E. Winchester.) 


above the bottom of the gulch. This bridge is apparently more 
stable than either of the others cited. From the appearance of the 
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bed of the gulch erosion is slight at the present time, so that it will 
probably be a very long time before the ends of the bridge are 
undercut sufficiently to cause either end to tumble down. 

The formation of natural bridges of this type is easily under- 
stood but the origin of the indurated masses whose existence makes 
the bridges possible is not so readily explained. The indurated 
masses appear to fall into two classes, the one taking a more or 
less regular and uniform outline (seen in Fig. 1) and the other a sort 
of irregular lense of the rock (Figs. 2 and 3). In the first case it is 
probable that a part of the mass has been replaced by chemical 
solution, while in the second case the cementing material is already 
contained in the mass and only requires time to become indurated. 
Todd' in describing similar occurrences in rocks of this age in South 
Dakota states that they probably mark ancient shore lines. It is 
in fact quite common to find the indurated masses at one level 
along an outcrop for several miles and it is not improbable that 
the waves of one storm, for instance, might throw together along 
a shore line or in a stream channel materials which would contain 
in themselves constituents that afterward become indurated. 

Barnum Brown’ has stated in a discussion of the “‘ Hell Creek 
beds”’ (Lance formation) of Montana that “it is not an infrequent 
sight to see several parallel concretions, circular in cross-section 
and a hundred feet in length, like fallen trees.”” He says further 
that “they are not, however, true concretions but centers of 
solidification. Cross-bedding in the surrounding sandstone is 
frequently carried through the concretions line for line.”” These 
indurated masses are invariably darker color than the more friable 
surrounding sandstones. Probably they were originally about the 
same color as the friable material, but either percolating waters 
have leached the iron out of the friable sandstone or else more 
rapid erosion prevents oxidation. 

t J. E. Todd, Am. Geol., XVII (1896), pp. 347-49. 
? Barnum Brown, Am. Mus. Nat. Hist. Bull., XXIII (1907), pp. 829-32. 

















ROCK-CUT SURFACES IN THE DESERT RANGES' 





SIDNEY PAIGE 


In an article entitled ‘‘The Geographical Cycle in an Arid 
Climate’? William M. Davis has presented a physiographic analysis 
of the ultimate results of erosion in an arid region. His conclusions 
are based partly on the work of Passarge and others and partly 
upon his own deductions. The system erected is in its larger 
features so complete that those who follow in interpreting particu- 
lar physiographic products need only assign such features to their 
proper place in the larger system already established. That the 
following conclusions, therefore, were reached independently and 
seem to fit perfectly with the system outlined by Davis is an addi- 
tional corroboration of the soundness of his deductions, and the 
excuse for their publication must rest upon the wish expressed by 
Davis ‘‘that the scheme of the arid cycle may lead to the detection 
of many facts concerning the evolution of land forms in desert 
regions that have thus far escaped notice.” 

G. K. Gilbert’ stated in describing the Basin Range system of 
the West: “Between them |the ranges] are valleys floored by 
the detritus from the mountains which conceals their depth and 
leaves to the imagination to picture the full proportions of ranges 
of which the crests alone are visible, while the bases are buried 
beneath the débris from the summits.’ It is with the processes 
by which gravel sheets engulf mountain masses and with certain 
erosional features associated with such accumulations that the 
following notes have todo. An explanation is sought for a number 
of rock-cut benches or surfaces, occurring at the edges of Quaternary 
gravel sheets in the Silver City quadrangle, New Mexico. The 
facts will be presented first; what is believed to be an analogous 

* Published with the permission of the Director of the U.S. Geological Survey. 

* Journal of Geology, XIII, No. 5, July-August, 1905. 

3’ Report upon Geographic and Geologic Surveys West of the tooth Meridian in 
Charge of Lieutenant George William Wheeler, Vol. III, p. 22. 
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case will be described next; and certain conclusions more or less 
hypothetical will be stated last. 

Well-marked though dissected rock-cut benches occur in a 
number of areas within the Silver City quadrangle. Their rela- 
tions to the highlands, out of which they have been carved, and to 











Fic. 1.—Vertical scale double the horizontal. 1 square=1 mile 


the gravel deposits, to which they contributed material, are shown 
in Figs. 1, 2,3,and4. The shaded portions show the areas in which 
the rock-cut dissected surfaces are found. Dotted areas indicated 
gravel. The most important features of these benches are: first, 
that they slope gently upward from the edge of the gravel with a 
profile concave upward and terminate abruptly against a mountain 
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flank of considerable steepness; second, that they present a remark- 
able evenness of surface, when viewed from a sufficient distance to 
reduce the prominence of recent dissection; and third, that they 
truncate rock structure without any decided evidence of selection. 

As indicated in Fig. 1, the boundary between the gravel and the 
bench of hard rock may be divided into two parts; one where ero- 
sion has revealed a depositional unconformity, the other where 
faulting has disturbed this normal relation. The slope of the bench 
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Fic. 2.—Vertical scale double the horizontal. 1 square=1 mile 


in continuous with the slope of the gravel sheet, and is astonishingly 
regular from the edge of the gravel to the mountain front. Nota- 
ble is the irregular depositional boundary in the northern portion 
where the gravel rises gently upon the bench nearly to the foot of 
the mountain scarp; notable also the straight boundary where 
faulting has altered this relation. 

It seems that the conditions here are peculiarly fortunate and 
diagnostic. If the faulting had not occurred, it is doubtful whether 
the bench would have been exposed. Even the northwestern por- 
tion would probably have been more completely covered. As it 
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happens, the gravel sheet is shown reaching almost to the mountain 
core upon a sloping rock-cut bench. That the bench contributed 
to the sheet and that the sheet gradually crept mountainward 
over the bench seems plausible. A fault has raised the bench, 
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Fic. 3.—Vertical scale double the horizontal. 1 square=1 mile 


which, by virtue of its elevated position, has been stripped by 
erosion of a considerable part of the gravel deposit from the area 
above the fault line. Patches remaining are taken to show that 
the bench was formerly gravel capped throughout. 
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In Fig. 2 the northeast and southwest sides of a low mountain 
range are shown with the Pleistocene gravel boundaries. Attention 
is called first to the proximity of the northeastern boundary to the 
crest line of the range, second, to the relatively straight boundary 
of the western gravels along whose entire course there is believed 
to exist a fault. The bench here exposed (though severely dissected 
by sharp canyons) is interpreted as the old floor upon which grave 
once lay, and here again the gravel has 

N been removed because of its superior 

elevation. An interesting point is the 


K narrowness of the mountain remnant if, 
\ in imagination, we restore the gravel to 









KJ the bench. It shows clearly how nearly 
the mountain range escaped destruction. 

Fig. 3 shows a mountain core and 
gravel-free rock bench which slopes 
outward from the mountains and passes 
beneath a sheet of gravel. The bench 
is a striking physiographic feature. In 
this case special attention is called to 
the southeastern portion 
where the gravel has been 
cleanly swept from a por- 
tion of the bench. AIl- 
though straight boundaries 


2MiLES 


between gravel-covered 

and gravel-free portions of 

FIG. 4 the bench are not observed, 

there are geologic reasons 

for believing that there has been uplift, a movement sufficient to 
initiate removal of the gravel sheet and dissection of the bench. 

Fig. 4 shows a mountain mass with its surrounding gravel sheet. 

Note the straight fault contact on the southeastern side. The 

figure is somewhat analogous to Fig. 2 but the remains of any bench 

that may have existed is nearly or quite obliterated by recent 


cutting. The figure serves, however, to show, because of the fault, 
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that the original remnant of the mountain left by the gravel en- 
croachment was probably narrower even than at present. 

It should be stated that the gravels here referred to are the 
borders of very extensive desert deposits, stretching for miles to 
to the south and west and are, or have been, the encroaching 
tongues of the great sheets, the tentacles, so to speak, by which 
gravel accumulation incorporates a mountain mass. 

The scene for a moment may now well be shifted to “the broad 
expanse of plain and mountain in southwestern Arizona and west- 
ern Sonora (Mexico), stretching from the Sierra Madre to the Gulf 
of California and lying between Gila and Yaqui rivers.’ 

At first sight the Sonoran district appears to be one of half-buried moun- 
tains, with broad alluvial plains rising far up their flanks, and so strong is this 
impression on one fresh from humid lands that he finds it difficult to trust his 
senses when he perceives that much of the valley-plain area is not alluvium, but 
planed rock similar to or identical with that constituting the mountains. To 
the student of geomorphy this is the striking characteristic of the Sonoran 
region—the mountains rise from the plains, but both mountain and plain (in 
large part) are carved out of the same rocks. The valley interiors and the 
lower lowlands are, indeed, built of torrent-laid débris, yet most of the valley 
area carries but a veneer of alluvium, so thin that it may be shifted by a single 
great storm. Classed by surface, one-fifth of the area of the Sonoran district, 
outside of the Sierra and its foothills, is mountainous, four-fifths plain; but 
of the plain something like one-half, or two-fifths of the entire area, is planed 
rock, leaving only a like fraction of thick alluvium. 


Thus is clearly set forth by Dr. W. J. McGee the product of a 
long cycle of erosion. 

A short digression is necessary here in order to define the term 
sheet flood, the force of which agent is of importance in the present 
discussion. In the words of W. J. McGee, 

Under certain conditions, sand-laden water flowing over an erodable plain 
tends at first to divide into parallel streams like those of pure water on an 
indestructible surface, yet, since the streams formed in this way at once begin 
to scour and overload themselves and thus check their own flow, this tendency 
is soon counteracted and the water is distributed again; so that the ultimate 
tendency is toward movement in a more or less uniform film or sheet. 


* McGee, W. J., “Sheet Flood Erosion,’ Bull. Geol. Soc. Amer., VIII, February 
13, 1897, pp. 87-112. 
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Regarding the efficacy of sheet floods to erode the land surface 
W. J. McGee says:" 

The inference from the character of the sheet flood is consonant with the 
necessary inference from the character of the base level surface. Over dozens 


or scores of square miles in carefully examined localities, hard rocks like those 
of the mountains, and with no sign of decomposition, are planed almost as 
smooth as the subsoil by the plowshare, with nothing either in configuration 
or in covering to indicate that streams have flowed over them, and extended 
consideration has yielded no other suggestion as to the eroding agent than 
that found also in analogy with the observed sheet flood. 

Thus in unequivocal terms the rock-cut plains are assigned to 
an origin by sheet-flood erosion. The question naturally arises 
in the mind of the reader, Was there a stage in the past history of 
the region during which such plains might have been formed by a 
process approaching in kind that of peneplanation ? Again quoting 
W. J. McGee? 

The fourth inference is that the massif [he refers here to an uplifted folded 
area] produced in this way stood at moderate altitude for a long period includ- 
ing approximately the Eocene and the earlier half of the Miocene, that a large 
part of its volume was degraded; that the surface was planed to an approxi- 
mate base level,3 relieved by ridges and masses of the monadnock and catoctin 
types, usually of harder layers but sometimes marking broad divides, and that 
during this vast period the drainage basins were outlined and developed. It 
is deemed probable that during much or all of this period the precipitation 
was greater than now, so that the district throughout was one of degradation 
and so that the drainage basins were of the normal dendritic type veined by 
rivers occupying broad yet essentially V-shaped valleys; and it is considered 
probable also that the basin-limiting Sierras were less rugged than now. 

The meaning of the above paragraph is a little ambiguous—the 
reference to “approximate base level” does not fit in with “rivers 
occupying broad yet essentially V-shaped valleys.” One cannot 
reach a definite conclusion, therefore, as to whether the rock- 
planed surfaces, referred to above, were dependent upon this stage 
for their beginnings. But considering the language used in describ- 
ing the rock-planation, one is inclined to infer that W. J. McGee 
regards sheet-flood erosions as the primary process in such planation. 


‘ 


The foregoing description of the Sonoran benches, it seems to 
the writer, applies to the rock-cut surfaces of the Silver City region, 
' Op. cit., p. 108. 2 Op. cit., p. 95. 


} Underscoring by the writer of this paper. 
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provided the plane surface now scarred by recent dissection be 
issumed restored. Post-Quaternary faulting (probably an effect 
of more widespread uplift than is indicated by relative movements 
f blocks) is a sufficient cause for the dissection which has occurred. 

A hypothesis to explain the features described above may now 
be presented. The intention is not to follow a process throughout 
all its possible variations, but to suggest an idea which may serve 
is a nucleus for future elaboration. All the processes by which 
rock-cut benches may be formed need not be enumerated. The 
facts in this case point obviously to the encroachment of an accu- 
mulating gravel sheet upon a highland area. The end result now 
achieved may perhaps be attained as follows. 

An area (of which the Basin Range system is an example) may 
be so warped by regional uplift that inclosed basins are formed. A 
climate is postulated of such aridity that permanent lakes will not 
rise to such altitudes as to overflow the rims of the inclosed basins. 
Such basins are favorable for the rapid sub-aerial accumulation of 
detrital matter. 

Active erosion within this system now becomes regulated by 
an all important factor: progressive burial by alluviation of low-lying 
areas. It is conceived that a central portion retains its original 
topographic sculpture because of complete oversweep of débris. 
Each succeeding portion of topography before it is buried will have 
been more reduced, will have been more softened in that it has 
suffered a longer period of exposure than the portion immediately 
preceding it. 

The rising edge of the gravel sheet acts as an effective control below 
which erosion cannot take place. The result is unavoidable if the 
lime factor and the factor of area are sufficiently large. A process 
tending toward leveling with respect to the gravel sheet will proceed. 
But the gravel sheet has been gradually rising; therefore, the lev- 
eled surface is a sloping plain thinly veneered with gravel. 

A second process, it is believed, plays an important part in this 
result. The feature which leads to the recognition of the process 
is the abrupt change of gradient at the mountainward border of the 
rock-cut plain. A consideration of the character of the stream 
channels which debouch upon the rock-cut plain may give a clue 
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to the origin of this oversteepening of topographic gradient. 
Aggrading streams flow out upon fans and fans have a cross- 
section concave upward. Such a cross-section implies that from 
time to time the stream will flow against the mountain wall and 
initiate lateral cutting. It may be argued in opposition to this 
view that it will build up here as elsewhere and prevent any per- 
sistent lateral cutting at a definite level. This objection may be 
answered by pointing out that a desert level of great expanse is a 
feature of great stability, far more permanent than the local filling 
at the side of a fan. This filling may be swept out and renewed 
many times before the general level of the desert is raised an appre- 
ciable amount by accumulation. This process then, viz., lateral 
cutting, combined with that outlined in the preceding paragraph, 
seems to account for all the conditions that need explanation. 
Both must have worked from the beginning of the cycle. 


CONCLUSIONS 


The considerations which have been outlined above suggest the 
following tentative conclusions: (a) Processes of erosion within an 
inclosed basin system in an arid climate tend ultimately to produce 
surfaces of very low relief about the borders of the gravel sheet 
which accumulate within the basin. (6) The gradual rising of the 
gravel filling implies an equally gradual rising of the local base 
level. (c) The surface resulting from such a shifting system tends 
ultimately to take the form of a sloping planated surface, most per- 
fect at its mountainward side and progressively more irregular 
valleyward beneath the gravel cover. (d) Interstream erosion, 
lateral cutting at edges of accumulating fans, and progressive 
burial of low-lying areas are the factors which govern the formation 
of the rock-cut surface. (e) The abnormally steep mountain flank 
against which the rock-cut plain abuts is considered the normal 
product of the three processes mentioned above. (/) Sheet-flood 
erosion is considered a result of the rock-cut plains and not a cause 
of the plains as hypothecated by W. J. McGee. (g) The old pla- 
nated surfaces near Silver City, though now dissected because of 
readjustments of drainage due to faulting, are regarded as examples 
of the type described in the Sonoran district. 
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REGARDING THE GENESIS OF THE 
DIAMOND. II 


SPECULATIONS 





ORVILLE A. DERBY 
Geological and Mineralogical Service of Brazil, Rio de Janeiro 


Since writing the paper with the above title that appeared in 
the October-November, 1911, number of this journal Fersmann 
and Goldsmidt’s monograph’ on the crystalline form of the diamond 
has come to hand and its perusal has suggested some additional 
observations on the subject. 

From the genetic point of view the most important deduction 
drawn by the authors from their epoch-making studies is stated on 
p. vii of the Introduction in the following terms: All the diamond 
crystals known to us have been formed suspended in a molten mother- 
liquid (magma). Since the present paper is of a speculative nature, 
I venture to restate, provisionally, this law as follows: Diamond 
crystals have been formed suspended in a medium sufficiently mobile, 
or susceptible to solution (replacement), to permit their free, all-round 
development. The most essential difference between the two forms 
of statement is the elimination in the latter of preconceived ideas 
regarding the physical condition of the enclosing rock at the moment 
of the crystallization of the mineral. 

Another important deduction from the studies of Fersmann and 
Goldsmidt is the extreme delicacy of the saturation point for carbon 
of the solution from which the material of the diamond crystals was 
derived, from which it resulted that growth (due to supersaturation) 
and reabsorbtion (due to incomplete saturation) alternated in the 
formation period of the great majority of the individuals in a way 
that thus far has not been recorded as so nearly universal for any 
other mineral species.” 

* Der Diamant, Heidelberg, 1911. 

? My examination of numerous heavy residues containing zircon and monazite 
from granites and gneisses shows that these minerals are more frequently rounded 


from reabsorption than sharp-cut. The same remark can be made regarding the 
magnetite and ilmenite grains that occur in so many eruptive rocks. 
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In a recent article Irving" has discussed the formation of com plete 
crystals in rock masses. Those that are of primary origin in igneous 
rocks were, naturally, formed in a magma that was mobile through 
fusion, while those of secondary origin are attributed to replace- 
ment. In sedimentary or other rocks already consolidated, space 
for such crystals could, according to Irving, only be gained through 
displacement of granules of the enclosing rock by virtue of the force 
of crystalline growth, or through the removal by solution of such 
molecules of the rock as occupied the space to be taken up by the 
crystal in process of formation. 

The minerals mentioned by Irving as having had their lodging- 
place prepared by solution represent sulphides (pyrite, galena), 
carbonates (siderite), fluorides (fluorite), and boron-bearing 
silicates (tourmaline), from which it may be inferred that the 
requisite solvent power is an attribute of the so-called mineralizing 
agents: sulphur, carbon in some one or more of its gaseous forms, 
fluorine, and boron. 

No precise statement regarding the character of the molds left 
by the dislodgement of diamond crystals from their parent-rock, 
kimberlite, is at hand, but judging from the current hypotheses 
(formed in place or floated up from some pre-existent rock), these 
should be as sharp-cut and perfect as those of the above-mentioned 
replacement minerals. Such perfect molding occurs with minerals 
formed in mobile (molten) media, and in the case of the diamond 
no other hypothesis seems to have ever been considered, but with 
our present scanty knowledge of the obscure subject of the genesis 
of that mineral the hypothesis that it may be due to replacement 
cannot be lightly put aside. 

The studies of Beck? and Bonney’ on the so-called eclogite 
nodules from the Newlands mine offer some support to this last 
hypothesis. A number of these were examined by both authors, 
but apparently only a single diamond-bearing one was ever found, 

‘Replacement Ore Bodies and the Criteria for Their Recognition,” Economi 
Geology, October-November, rott. 

“Untersuchungen iiber einige siidafrikanische Diamantenlagerstatten,” Zeit. 
1. deutsch. geol. Gesell., 1907, pp. 290 f. 

}“The Parent-Rock of the Diamond in South Africa,” Proc. Roy. Soc., LXV 


1599), P. 220. 
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or at least brought to Europe. They consist essentially of diopside 
ind garnet, the former mineral predominating in the sterile nodules 
ind the latter in the diamond-bearing one. The small flake 
studied by Beck had the volume of a cube of 7-8 centimeters length 
/f side and showed five diamonds on the fractured faces. Six more 
were obtained by crushing some small detached fragments, from 
which it was estimated that the whole flake contained some dozens 
of diamond crystals, and the original nodule from which it was 
broken (said to have been of about the size of a child’s head) some 
hundreds. The diamonds were embedded in the diopside’ or 
between this mineral and the garnet. The granules of garnet were 
covered with a thin dark crust similar in appearance to the well- 
known kelyphite rim found on this mineral in many other rocks 
but apparently of a somewhat different character. This crust was 
not reported on the garnet of the much more abundant sterile 
nodules, and if it occurs at all in them, it is apparently localized in 
certain spots that were not critically examined. 

The accompanying figure reproduced from Bonney shows the 
relation of a diamond crystal to a neighboring granule of garnet 
covered with its characteristic crust, 
which is said to extend also into 
cracks in the garnet. / 3 

If, instead of to the diamond, this 
figure referred to any one of the above- 
mentioned replacement minerals, the Garnet and diamond (diagram- 


following interpretation of the phe- ™tic, nearly twice natural size): 


: es (1) Diamond, (2) garnet, (3) kely- 
nomena registered in it would prob- 


phitic rim. 

ably be accepted by most, if not by 

all, mineralogists who have occupied themselves with the study 
of the genesis of minerals. 

A dyke, or pipe, of kimberlite containing nodules (segregations) 
of diopside and garnet was subjected to pneumatolitic action that 
introduced water and carbonic acid into the rock, producing the 
serpentinization of a considerable part of it accompanied by the 
formation of calcite. Some of the included nodules (the more 
brittle ones containing more garnet than diopside would have been 


‘ See figures in Zeit. f. prak. Geol., May, 1898, p. 164. 
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most affected by the previous fracturing that the rock had suffered) 
were affected by this action, as is evidenced by the production of a 
crust of secondary minerals on the surface and in the cracks of the 
garnet and produced at its expense." At a certain point on the 
surface of the granule here considered that was being attacked, 
certain ingredients contained to the point of supersaturation in the 
corroding solution commenced to separate out in a crystalline form, 
substituting the crust which at that point was being redissolved on 
its outer surface while its formation continued on the inner one. 
In front and around the growing crystal the solvent action of the 
solution on the garnet and the consequent formation of the crust 
became more active than elsewhere, thus lowering the original 
surface at that point and producing the bay-like indentation in 
which the crystal rests. 

All the hypotheses thus far presented for the genesis of the 
diamond are difficultly reconcilable with the known geological 
conditions of its occurrence as summarized, so far as regards those 
that are most essential, in my previous paper. Friedlander? has 
demonstrated experimentally that the diamond can be produced 
artificially by introducing solid carbon into fused olivine without 
artificial pressure and at a temperature (that afforded by the 
oxyhydrogen blowpipe) considerably below that thought indis- 
pensable by previous experimenters. We can therefore in our 
speculations on the subject eliminate altogether the element of 
pressure and, until the contrary is proven experimentally, admit 
hypothetically a still further extension downward of the range of 
temperature which, under varying conditions in other respects, will 
permit the crystallization of carbon in the form of diamond. 

In speculating on the genesis of the diamond we can therefore 
put aside, at least hypothetically, the formidable ancient bugbear 

' In this case the dissolved material was redeposited in situ. If we imagine that 
the material that, as may be presumed, was concurrently dissolved from the diopside 
was carried away (and perhaps with it a certain portion of redissolved garnet crust), a 
plausible explanation is found for the much-discussed rounded form of these nodules. 

?“Herstellung von Diamanten in Silikaten entsprechend dem natiirlichen Vor- 
kommen im Kaplande,”’ Verh. d. Vereins s. Befirderung des Gewerbfleisses, February, 
1595, p. 45. 


3A repetition of these experiments with other minerals, especially diopside and 
garnet, might give a very desirable addition to our knowledge of the subject. 
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of extraordinary pressure and heat, and thus nothing of serious 
importance stands in the way of a thoughtful consideration of the 
hypothesis here presented that the diamond is a secondary mineral 
crystallized out of some carbon-bearing solution that was capable 
of dissolving the rock (or some parts of it) in which it occurs and 
thus of opening space for it. This hypothesis can be easily recon- 
ciled with the geological conditions in which the diamond occurs 
in its parent-rock, in so far at least as these conditions are known at 
present. These, as set forth in my previous paper, combined with 
the present one, are as follows: 

1. The diamond occurs in the form of isolated complete crystals 
closely enclosed in a rock of eruptive origin occurring in dykes and 
pipes and having the readily alterable minerals olivine and pyroxene 
as its leading essential constituents. 

2. This rock, wherever diamonds have been found in it, shows 
evidence of having been fractured after its consolidation to such an 
extent as to permit a sufficiently free circulation of subterranean 
solutions to produce a very advanced stage of alteration in all 
its olivine-bearing portions, so that the only portions that remained 
perfectly fresh are certain unfractured pyroxene-garnet segregations 
free from olivine. 

3. The circulating solutions introduced water (locked up in the 
serpentine and other secondary minerals) and carbon (locked up in 
the calcite) both of which were lacking in the original rock. 

4. The circulating solutions attacked the garnet of the enclosed 
pyroxene-garnet segregations wherever these were sufficiently 
fractured to permit it, producing an alteration crust of secondary 
minerals. Unfractured segregations would naturally be attacked 
only on their surfaces adjacent to the more fractured and thus more 
permeable olivine-bearing portions of the rock, and thus their 
(presumably) rounded original form would be accentuated through 
corrosion, giving them the aspect of water-worn pebbles. 

5. After (or concurrently with) the alteration of the garnet, 
carbon crystallized in the form of diamond adjacent to the secondary 
crust formed on the former mineral, and also, as Beck demonstrated 
in his study of the diamond-bearing nodule from the Newlands 


mine, in the form of graphite. 
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The conditions above enumerated are, in their most essential 
particulars, strikingly similar to those under which the mineraliza- 
tion, with auriferous sulphides, took place in the Passagem lode, as 
set forth in my recent paper in the American Journal of Science 
(September, 1911), in which, however, no mention was made of two 
circumstances of certain importance for the present discussion. 
These are: (1) large and ideally perfect crystals of arsenopyrite 
occur in certain portions of the hanging wall under conditions cor- 
responding exactly to the cases of replacement cited by Irving for 
the sulphides pyrite and galena,’ and (2) slick-sided planes at or 
near the upper side of the lode are abundantly coated with graphite 
which is at times segregated in lumps of the size of the fist. 

Whether in this case the carbon separated out from the 
tourmaline-forming or the sulphide-forming solution could not be 
determined and is immaterial in the present discussion. Whatever 
its carrier may have been, it is here certain that carbon was 
deposited in one of its two solid mineral forms from a solution 
capable of dissolving portions of the rock in which it circulated, 
and thus of opening space for the deposit from some of the other 
of its mineral contents, in the form of replacement minerals such 
as tourmaline and arsenopyrite. 

rhe containing rock consists of a finely granular mixture of quartz, magnetic 


pyrite, and calcite. Where replaced, the two latter minerals disappeared while the 


quartz granules remained locked up in the crystals of arsenopyrite. 
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THE ORDER OF CRYSTALLIZATION IN IGNEOUS 
ROCKS 


N. L. BOWEN 


Massachusetts Institute of Technology 


The order of crystallization in igneous rocks is necessarily 
determined from the end product, the solid rock. When thin 
sections of the holocrystalline rocks are examined the constituent 
minerals show certain relations of outline to each other that give 
some information as to the order of crystallization. The relations 
of outline referred to include: the idiomorphism of one mineral 
against another, the indentation of one mineral by another, and 
the complete inclosure of one mineral by another. It is one of 
the objects of this paper to inquire into the conclusions that may 
safely be drawn from observing these relations. 

Fig. 1 is a diagrammatic section of a crystal of, say, plagioclase 
which incloses a few crystals of another mineral, say, magnetite. 
Only the outer rim A of this crystal 
can be safely assumed to be of later 
crystallization than the magnetite. 
The inner portion B may be of 





later crystallization but, on the 
other hand, may be eariicr. The 
fact that magnetite is situated 
only in the peripheral portions 
would make one suspect the truth 
of the latter possibility, but from 
this selfsame crystal of plagioclase 


an endless number of sections could 





be cut in which there would be no 

evidence of this peripheral placing of the magnetite. Some sections 
would contain magnetite scattered throughout, even in the most 
central portions. S of Fig. 1 indicates the direction of such a 
section cut in a plane normal to, or at some high angle with, the 
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plane of the page. S, indicates the direction of another section, 
cut as before, showing magnetite centrally placed in a plate of 
plagioclase, part of which is without doubt younger than the 
magnetite but part of which may be older. These sections are 
shown in plan in the figure. In the great variety of sections 
such as a rock slide commonly contains, some few would show 
a peripheral placing of the magnetites, but this would be regarded 
as mere accident in the face of the great number that showed a 
random placing. The conclusion as to order of crystallization 
would be that magnetite had crystallized before plagioclase, when 
as a matter of fact the greater proportion of the plagioclase might 
have crystallized before magnetite. Obviously the only safe con- 
clusion that can be drawn is that some of the plagioclase continued 
to crystallize after magnetite had ceased to crystallize. 

The conclusions that may be drawn from the fact that one 
mineral is idiomorphic against another or that one mineral indents 
another are qualified in a similar manner, as will be apparent 
from an examination of Figs. 2 and 3. 

These figures represent sections of an augite crystal with a 
plagioclase crystal indenting it (Fig. 2) and idiomorphic against 

it (Fig. 3). The two cases are 

strictly analogous and do not re- 

quire separate consideration. The 

relation of the minerals makes it 

apparent that only the outer rim 

A of the augite is necessarily of 

/ wen later crystallization than the pla- 

gioclase. The inner portion B may 

have crystallized later than, or simultaneous with, or earlier than, 
the plagioclase. 

The alternatives mentioned would, however, not be apparent 
in most other sections. S represents the direction of such a section, 
cut as before, and shown in plan in the figure. A natural conclu- 
sion from such sections (and a rock slide would show every variety) 
would be that augite crystallized after plagioclase when really 
the greater proportion of augite might have crystallized before. 
The relation of the two minerals indicates with certainty only 
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that augite continued to crystallize after plagioclase had ceased. 
The order of cessation of crystallization is the only certain informa- 
tion given. 

In Fig. 3 but one crystal is shown idiomorphic against the 
augite crystal. If a great many other crystals showed the same 
relation to the augite, in short, if the augite crystal were inter- 
stitial to a number of other minerals, no more definite conclusion 





(prismatic plagioclase) (tabular plagioclase) 


FIG. 3 


than the above could be drawn. The augite crystal continued 
to grow after the others ceased, but it might have begun to form 
before the crystals to which it is interstitial. 

Obviously, then, the observation of all' the relations of outline 
of a number of minerals in a section of a holocrystalline granular 
rock leads to a safe conclusion only as to the order in which the 
minerals have ceased to crystallize. Any statement of order of 
crystallization based on such observations should be modified to a 
statement merely of order of cessation of crystallization. 


*Cf. A. Harker, The Natural History of Igneous Rocks, 1909, p. 179. 





Se a es 

































N. L. BOWEN 


THEORETICAL DISCUSSION 





A theoretical discussion of the crystallization of rocks can, in 
the present state of knowledge, lead to but few definite conclusions. r 
It is not at all clear why there should be in any rock an order of : 
cessation of crystallization. If the final crystallization is that of a 

eutectic mixture there should be no such order. It may be pointed 

out, however, that the simple eutectic results only when each 
constituent lowers the melting-point of every other constituent. } 
Solid solution often brings it about that there may be a raising, 
and with rocks, in which, as a rule, solid solutions (mix-crystals) 
are very common, it cannot be said what the combination of pos- 
sible “raisings’’ and ‘‘lowerings”’ may result in. 

Theory, then, helps very little in making any prediction as to 
what ought to happen. It can, however, be safely stated that 
in any system the tendency of special richness in a certain con- 
stituent will be in the direction of causing that constituent to 
begin to crystallize in the early stages. A “constant order of 
crystallization”’ capable of almost universal application to all 





rocks, whatever the variation in mineral proportions (Rosen- 
busch’s rules), is from this point of view out of the question. 
The order stated is, however, based on considerations already 
discussed and is really only the order of cessation of crystallization. 
Why a certain order should be sufficiently common to be noticeable | 
is not apparent, but it does seem more reasonable that this should | 
be true of the order of cessation of crystailization for various rocks 


than of the order of beginning of crystallization. 
ORDER OF BEGINNING OF CRYSTALLIZATION 


If it is admitted that the “order of crystallization” as commonly 
stated for any rock is merely the order of cessation of crystalliza- 
tion, the question arises as to whether there is no clue to be had 
to the order of beginning of crystallization. 

In laboratory practice’ a method of following the course of 
crystallization in a mixture at high temperatures is to hold the 
mixture in a furnace at a definite temperature for a period of time 


‘J. H. L. Vogt, Die Silikatschmelslésungen, 1, 106; E. S. Shepherd and G, A. 
Rankin, Am. Jour. S XXVIII (1909), 293; C. H. Desch, Metallography, 1910, 210. 
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and to quickly plunge the charge into a cool liquid which chills 
it instantly to a temperature at which further crystallization is 
permanently checked or rendered excessively rapid (metals). 
Che examination of the chilled product reveals those constituents 
which had crystallized at the temperature of the furnace and by 
repeating at other temperatures the whole course of crystalliza- 
tion is followed. The method is known as the method of quenching. 

The “order of crystallization’’ commonly stated for granite 
is: accessories, ferromagnesian minerals, lime-alkali feldspar, 
alkali feldspar, quartz. This order is determined from the out- 
line relations of the minerals of granites which, as we have seen, 
can give with certainty only the order of cessation of crystalliza- 
tion, but for the moment it will be assumed that the order is as 
stated and the consequences examined. The order may be repre- 
sented diagrammatically as follows.* 

If rocks of granitic composition could be found in which crys- 
tallization had proceeded to a certain stage and had then been 
checked, the product should show the ,__ 





following characteristics. Accessories F 

in average amount comparable with c 

that in granites should in general be i 

present; the most common _pheno- — y 

crysts, very often the only phenocrysts, In Figs. 4, 5, and 6, A indi- 


should be of the ferromagnesian min- cates accessories, P, ferro- 
magnesian minerals, C (calci- 
alkalic) lime-alkali feldspar, F, 
alkali feldspar, and Q, quartz. 


erals; in rocks in which crystallization 
had proceeded to a considerable extent 
lime-alkali feldspar should accompany 
the ferromagnesian minerals; with more complete crystallization 
alkali feldspar should accompany the preceding minerals, and in a 
rock largely crystalline quartz should appear in company with all 
the above minerals. 

Thousands of rocks of granitic composition are known in which 
crystallization has been checked at various stages (rhyolites) but 
they show no such peculiarities as are to be expected from the 
above outline. They often show phenocrysts of quartz and alkali 
feldspar and of these alone with the greater part of the rock still 


1Cf. Pirsson, Rocks and Rock Minerals, 1909, 148. 
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glass. They may show phenocrysts of the ferromagnesian minerals 
and of lime-alkali feldspar but only in company with much alkali 
feldspar and quartz. Finally the accessories, instead of being 
almost universally present, commonly fail. 

The conclusion is that the order of beginning of crystallization 
in granitic magma is very different from the ‘order of crystalliza- 
tion’? commonly stated, that is, from the order of cessation of 
crystallization. Regarding the rhyolites as quenched granites the 
order of beginning indicated is: (quartz, alkali-feldspar); (lime- 
alkali feldspar, ferromagnesian minerals); accessories. (Alkali 
feldspar may often begin before the quartz, and ferromagnesian 
minerals may often begin before lime-alkali feldspar, depending 
upon their amounts.) If the course of crystallization is repre- 
sented in diagram the result will be somewhat as follows: 
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Che positions of the beginnings of the lines indicate the order of beginning of 
crystallization, and of the ends of the lines, order of cessation of crystallization. 
rhe vertical order of the lines themselves is chosen at random. 


It may be objected that the crystals which a rhyolite shows 
often form while the rhyolite is on its way to the surface, or even 
after it has reached the surface, and are therefore formed under 
different conditions of pressure and perhaps in the presence of less 
mineralizers than in the case of the granite, with the result that 
the order of crystallization in granites is reversed in rhyolites. 
The likely effect of such changes of conditions is a slight displace- 
ment of equilibrium conditions, not the drastic change implied 
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in the above statement, but apart from the question of likelihood 
there is the evidence of small deep-seated bodies to be considered. 
These bodies crystallize under conditions comparable with those 
for a granite except that the rate of cooling is greater. When of 
granitic composition these bodies persist in showing phenocrysts 
of alkali feldspar and often of quartz also (Fig. 5a). 

A study of Fig. 5 shows how such a result is possible. Quartz 
and alkali feldspar begin to crystallize earliest and at first the 
viscosity is low (relatively) so that the crystals formed grow to a 
considerable size. At some temperature (¢,) viscosity has increased 
to such a value that crystallization of quartz and alkali feldspar 
must proceed in the quickly cooled body by the formation of new 
centers. The result is a rock with phenocrysts of quartz and alkali 
feldspar and a matrix showing a second “‘generation”’ of quartz 
and alkali feldspar together with the other minerals. In the case 
of the granite crystallization proceeds in a similar manner and at 
the temperature (/,) viscosity has reached a comparable value but 
the progress of crystallization is much slower and continues to 
take place by addition’ to the early quartz and alkali-feldspar 
crystals. Lime-alkali feldspar, ferromagnesian minerals, and 
accessories begin and cease to crystallize as the diagram indicates; 
quartz and alkali-feldspar crystals continue to increase in size. 
Feldspar ceases to grow at t,. At this stage quartz, like the feldspar, 
locally shows idiomorphism against the small amount of remaining 
liquid, but in the further growth of the crystals their outline is 
determined by the space available. The result is that the quartz 
crystals have an interstitial relation and there is evidence of only 
one ‘‘generation”’ of quartz, although the interior parts of the 
crystals formed during the earliest stages of crystallization. 

The diagram affords, therefore, a systematic explanation for 
the textural varieties of the granite-rhyolite group as a result of 
different rates of cooling. The commonly stated “order of crys- 
tallization”’ is contradictory to the evidence of these textural 
varieties. 

The early beginning of crystallization of quartz and feldspar 
is in no respect contradictory to the relations seen in thin sections 
of granites. It accords with the fact that Lagorio’ failed to find 


tA. Harker, op. cit., p. 267. ?7.M.P.M. (2), VIII (1887), 421-529. 
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the universal progressive “acidification” of the residual base of 
volcanic rocks which the early crystallization of ferromagnesian 
minerals would necessitate. Finally it may be stated that from 
the theoretical side the early beginning of crystallization of quartz 
and alkali feldspar is to be expected in a rock whose chief charac- 
teristic is richness in quartz and alkali feldspar. 

It is possible, even probable, that Fig. 5 suggests too great a 
difference in time of cessation of crystallization of the various 
minerals. Certain it is that in most granites evidence of relative 
idiomorphism of the minerals does not leap to the eye. It must, 
as a rule, be carefully sought. 

It may also be objected that the mode of formation of many 
rhyolites is of that nature which most favors supercooling with 
the possible result that the normal order of crystallization may suffer 
considerable change. When, however, the quartz and feldspar 
phenocrysts of a rhyolite have attained considerable size they must 
have grown throughout a fair period of time in contact with fluid 
magma and therefore presumably in equilibrium with it. In 
short, they represent the normal early crystals. 

Inductive reasoning leads one to the same conclusion. In at 
least some rhyolites crystallization was instituted in depth and 
proceeded slowly for some time before extravasation (quenching) 
according to the order for a granite since conditions were identical. 
Some quenched rocks of granitic composition should, then, show 
the characteristics already pointed out as consequent upon the 
commonly stated “order of crystallization” if this order really 
holds and if the observed early crystallization of quartz and 
feldspar is the result of supercooling or any such complication 
ensuant upon difference of conditions under which granites and 
other rhyolites crystallize. No quenched rocks of granitic com- 
position which show these characteristics are, however, known to 
exist. 

The resorption phenomena so commonly shown by the quartzes 
of a rhyolite might be taken as evidence that quartz may crys- 
tallize first in granitic magma, but is later resorbed and appears 
again only in the later stages. The gradation by insensible steps, 
often found in hypabyssal rocks, from vitrophyre through quartz- 
* A. Harker, op. cil., p. 213 
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porphyry and granite-porphyry to a normal granite, does not 
bear out this conclusion, and is explicable only on the basis of the 
order here deduced, and a gradual change in rate of cooling. Indeed, 
the resorption phenomena exhibited are best explained as due to 
he sudden change of conditions experienced by a rhyolite, especially 
the relief of pressure. The specific volume of quartz is 0.377 and 
f “quartz glass’ 0,452 at 25°. The ratio of the values of these 
uantities at higher temperature is probably of the same order. 
The great difference between these figures indicates the strong 
endency that the sudden relief of pressure would have in the 
lirection of re-solution of quartz in a magma from which it had 
eparated. 

If the crystallization of other rocks as determined by taking 
the evidence of plutonic and effusive types regarded as their 
juenched equivalents is represented in diagram, we obtain, 
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For the systematic presentation of the deduced order of crys- 
tallization, the rocks (sub-alkaline) are treated in the broad types 
of systematic petrography. There is, of course, complete over- 
lapping of the types and a similar gradual transition in order of 
beginning of crystallization. For example, the granite by increase 
of lime-alkali feldspar relative to alkali feldspar passes to the 
quartz diorite, and in the quenched equivalents alkali feldspar 


SRS wee 


becomes less and less important as a mineral of early consolida- 
tion and lime-alkali feldspar more important, the result being a 
like passage from rhyolite to dacite. Again, the granite passes 
into the syenite by gradual decrease in quartz, and in the quenched 
equivalents quartz is represented in less and less amount as a 
mineral of early consolidation giving the passage from rhyolite 





to trachyte. 

In short, there is abundant evidence throughout of the tendency 
of special richness in any constituent to cause the early beginning 
of crystallization of that constituent as theory would lead one 
to expect. In every case a plutonic type whose distinguishing 
characteristic is richness in a certain mineral, or pair of minerals, 
has for its equivalent effusive type a rock whose chief characteristic 
is the appearance of this constituent or pair of constituents as 
minerals of early consolidation. 

It is hard to conceive a reconciliation of these well-known 


‘ 


facts with the statement of any approximately constant “‘order 
of crystallization’? on the basis of which accessories, ferromag- 
nesian minerals, and lime-alkali feldspar should always be the 


minerals of early crystallization. 





The broad generalization which is necessary when any type 
is represented by a single diagram is perhaps likely to lead to some 
misunderstanding. In the gabbro diagram, for example, the 
ferromagnesian minerals are represented as beginning first, but 


{ this must be regarded as true only for the more femic gabbros. | 
7 In a gabbro approaching anorthosite, plagioclase undoubtedly 

. begins to crystallize considerably before the ferromagnesian 
i: minerals. The difficulty is inherent in the breadth of the types. 


The chief desire has not been to establish definitely the course 
of crystallization for all rocks referable to a given type, but to 
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indicate it for the average rock of any type in order that emphasis 
may be placed upon the importance of the effusive types as evidence 
of the order of beginning of crystallization and upon the distinction 
between order of beginning of crystallization and commonly stated 
‘‘order of crystallization’”’ (order of cessation of crystallization). 


CONSEQUENCE UPON THEORIES OF DIFFERENTIATION 


Variation in composition in different parts of a single rock 
body, or in closely associated separate bodies, is usually discussed 
in terms of order of crystallization of the constituent minerals. 
In nearly all cases the constant order of crystallization of Rosen- 
busch is assumed, whatever the composition of the magma treated. 
For example, the more femic upper portions of a granitic batholith 
that are so often observed have been explained as due to the early 
crystallization of ferromagnesian minerals at the cool contact and 
the continued diffusion in that direction of femic material, the 
result being an enrichment near the contact in ferromagnesian 
minerals. Apart from the question as to whether diffusion could 
take place and whether it would be better to appeal to convection 
as the mechanism of transfer, there is the fundamental question 
of the truth of the assumption that the ferromagnesian minerals 
crystallize early in granites. If it is recognized that quartz and 
feldspar are the minerals of early crystallization in granitic magma, 
the explanation is out of the question. Possibly early crystals 
of quartz and feldspar settled out of the contact portion. 

A discussion of differentiation is not, however, intended here, 
and the above suggestion is made merely to show the extent to 
which views on differentiation may be altered by a recognition 
of the distinction between order of beginning of crystallization 
and order of cessation of crystallization (commonly stated “‘order 


of crystallization’’). 


SUMMARY 


1. The criteria for the determination of “order of crystalliza- 
tion’’ of rock minerals as applied in thin sections are discussed and 
it is shown that only order of cessation of crystallization can be 


so determined. 
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2. The order of beginning of crystallization is shown in the 


‘ 


effusive types, which may be regarded as the “‘quenched”’ equiva- 
lents of plutonic types. 

3. Taking the evidence of both the plutonic and effusive types, 
diagrams are given indicating the course of crystallization in 
granite, syenite, quartz diorite, diorite, and gabbro. 

4. Certain consequences upon theories of differentiation are 
pointed out. 

The writer is indebted to Professor J. P. Iddings for helpful 
suggestions. 
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BERKEY, CHARLES P. Geology of the New York City Aqueduct. 
N.Y. State Museum, Bull. 146, 1911. Pp. 283, figs. 39, pl. 38. 
“Studies in Applied Geology”’ is the alternative title of this rather 
unusual work; a caption happier, and far more suggestive than that 
appearing on the cover of the book, for the value of the data gathered 
concerning the geology of this region, while great as a matter of record, 
is still entirely subordinate to the interest accruing from the statement 
of the methods used by the author in the solution of the numerous 
problems propounded to him as the consulting geologist of the New York 
Board of Water Supply. Probably in no previous engineering enter- 
prise has such weight been placed upon the testimony of the geologist, 
and certainly in few has he been called upon to accumulate facts sufficient 
to enable him to forecast geological conditions with great accuracy over 
such a large area. 

The author has wisely refrained from making his report a mere cata- 
logue of the facts ascertained. ‘It is one of the most cherished wishes 
of the writer of this bulletin that some of the problems may be presented 
in such a manner as to serve a distinct educational purpose.” To this 
end the problems are developed in the text nearly as they arose in the 
field—the data are given, with the particular information sought by the 
engineers; then follows the line of reasoning, and the conclusions 
reached; and finally the actual state of affairs, as shown by further 
exploration, is recorded. 

The aqueduct, now in course of construction, is designed to carry 
over half a billion gallons daily, from the Ashokan Reservoir in the 
Catskill Mountains, to the Hill View Reservoir, just outside of the city, 
and includes 92.5 miles of aqueduct, with 10 dams; and 18 miles of 
additional tunnel, with 16 miles more of delivery pipe line in New York 
City itself. 

From the Catskills south to the Highlands the territory under con- 
sideration is underlain by Paleozoic sediments, practically complete in 
section from Lower Cambrian to Upper Devonian, nearly flat and of 
simple structure to the north, but becoming more complicated in the 
Hudson River slate region farther down the river. The district lying 
to the south is underlain by ancient and very complicated crystalline 
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gneisses, metamorphosed sediments in part, with great masses of igneous 
intrusions and bosses, and still farther south, in Westchester Co., are 
gently rolling parallel ridges, formed by a succession of limestone and 
schist belts. Near the city the underlying Fordham gneiss is frequently 
exposed. Several igneous masses are also penetrated, and a number of 
other formations have been barely avoided. The whole area is thickly 
drift covered, and this feature of course greatly obscures the geology. 
Recent greater elevation of the continent must also be taken into con- 
sideration, since it has resulted in the cutting of inner gorges in most of 
the valleys (some of which have since been obscured by glaciation), and 
in the circulation of ground water at depths greater than the present, 
producing frequent rotten zones and occasional caves below the present 
ground water level. A wide variety of problems are thus presented, 
covering the fields of physiographic, glacial, petrographic, and structural 
geology. 

To supplement unusually close field study, the author commanded 
the resources of an extensive drilling equipment. Wash rigs were used 
where possible, but the chop and oil-well rigs were usually necessary, and 
the shot and diamond drills were frequently resorted to. The cores of 
the latter were preserved, and in many cases subjected to microscopic 
study; and careful records were always kept of the percentage and con- 
dition of the core saved, the rate of progress of the drill, its behavior, the 
loss of water in the hole, etc. Special pumping tests were made in some 
of the holes to determine the porosity and perviousness of the rock, this 
being of course a vital feature in the construction of pressure tunnels. 

After a résumé of the geology and physiography of the district, and 
the principles involved in their interpretation, the author proceeds to a 
discussion of a number of type problems. Passing briefly over the 
considerations—chiefly physiographic—which led to the selection of the 
present aqueduct line, he takes up rather fully the problem of selecting a 
suitable crossing under the Hudson River. Detailed exploration of a 
number of points was made, and the Storm King locality finally selected 
as the most advantageous, chiefly because of the character of the rock, 
which is a slightly gneissoid granite, in striking contrast to the slate and 
limestone belts over which the river flows at the other points explored. 
Drilling at this locality showed bedrock at the extraordinary depth of 
751 feet, the assumption being that the gorge was here glacially over- 
steepened several hundred feet. The geological features involved in 
selecting the great Ashokan dam site are then considered; they deal 
chiefly with the character of the bedrock, the assortment and impervious- 
ness of the overlying till, and the general glacial history of this locality. 
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The crossing of the Rondout Valley has proved one of the most 
serious difficulties encountered in the whole work, and very detailed 
study has been given it. This valley is four miles wide and heavily 
drift covered, and the author was given the problem of deciding on the 
possibility of driving a pressure tunnel, together with the best place and 
most favorable depth for such a work. This required the determination 
of the topography of the buried valley floor; the position, within five 
feet at any given point, of any one of the twelve irregularly dipping 
and faulted formations in this valley; the structural and petrologic con- 
dition of each, with regard to porosity; and a study of the underground 
water circulation. While frequent recourse was had, of necessity, to 
diamond drilling, it was of course very important to determine which 
sections might safely be left without testing in this expensive and 
tedious manner. It was decided that the limestones must be avoided, 
because of their liability to solution by water under such great head, and 
likewise a heavy but brittle grit, because of the free circulation through 
it. Under this general type fall most of the other problems, which are 
concerned largely with the crossing of these old buried valleys. In 
New York City itself, however, some interesting complications are 
introduced by the value of the ground, the heavy traffic, etc. 

It is impossible in this review to do more than give a general idea 
of the type of problems encountered; the practical value of the book 
lies in its complete presentation of the data at hand, and its faithful 
delineation of the lines of reasoning followed. The numerous and excel- 
lent plates and figures greatly clarify the text and enhance its interest. 
There seems little doubt that such geological work will come more and 
more into demand as its real value becomes recognized by engineers, 
and it is fortunate that one of the pioneers has been able in this report 
to sum up his experience and evaluate the various methods of attack. 
The author is to be congratulated, not only upon the success which later 
explorations have conferred upon his geological predictions, but upon the 
wisdom which he has displayed in presenting his report in so efficient 
and timely a manner. 

G. S. ROGERS 


Daty, REGINALD A. “The Nature of Volcanic Action,” Proc. 
Amer. Acad. Arts and Sci., XLVII (1911), 3, pp. 47-122. 

In this highly suggestive paper Professor Daly has summed up and 
correlated a large part of his researches and speculations upon igneous 
rocks into a systematic hypothesis of volcanic action. The paper is an 
attempt to present a working hypothesis of vulcanism which will “co- 
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ordinate the accepted principles of vulcanology with each other and with 
the truths of plutonic geology’’; and the group of conceptions advanced 
may be summarized in the name “substratum injection hypothesis,” 
since the central thesis is that all vulcanism is the consequence of abyssal 


‘ 


injection. The results arrived at in many of the papers which Professor 
Daly has published during the past few years are incorporated in the 
present treatise, and his recent studies: in Hawaii are especially dwelt 
upon. 

The theory postulates in the first place the existence of an acid shell 
in the earth’s crust, overlain by the sedimentary pellicle, and underlain 
at a depth of about 40 kilometers by a basaltic substratum. The latter 
conception, although perhaps the most fundamental assumption in the 
whole theory, is advanced largely without argument, it being merely 
noted that most lava is of basaltic or andesitic composition. Taking the 
existence of this eruptible substratum for granted, then, the author pro- 
ceeds to formulate the preliminary to vulcanism generally accepted as 
essential, viz., abyssal fissuring and magmatic injection. As the magma 
rises nearer the surface the great change in conditions will lead to certain 
immediate and direct consequences. In the first place,.the basaltic 
magma will undergo an expansion of 1. 5-6 per cent, energy being thus 
formed which may be available for opening fissures; secondly, the super- 
heat existing in the magma will probably cause the assimilation of the 
wall rock, a point more fully discussed in a well-known former paper of 
the author’s; and finally, the gases dissolved in the magma will tend to 
rise, supersaturating its upper levels, and finally separating as bubbles 
and collecting under the roof of the batholithic chamber. Emphasis 
is laid upon the necessity of defining the nature of these gases, since 
important functions are later to be ascribed to them. They are classi- 
fied as magmatic and phreatic, the former class being made up of juvenile 
and resurgent (those derived from the country rock), and the latter of 
vadose and connate (those trapped in sediments). 

The three phases of volcanic action are then fully considered. In 
fissure eruptions, which are always basaltic, the magma is highly super- 
heated, as indicated by the low angle of slope and the great length of the 
flow. That no assimilation of acid country rock has taken place must be 
due to the fact that the feeding channel is always narrow. Expansion 
of the magma and the separation of its gases as indicated above are 
doubtless features in the effusion of such floods, although orogenic action 
is probably necessary to cause the initial abyssal fissuring. The second 
phase described is one less generally considered—eruption through local 
foundering. This is conceived as taking place when the magma is of 
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great size and is superheated sufficiently to allow of extensive assimila- 
tion of the overlying acid rock. It works its way up partly by piecemeal 
stoping of the roof, but a point is finally reached when a great part of the 
latter will cave in and founder in the fluid magma below. The assimila- 
tion of the surrounding rocks alters the composition of the latter, giving 
rise to a differentiation which results in the collecting of the acid phases 
at the top. The upper portions of the magma, which are usually 
liparitic, may overflow and produce a formation somewhat similar to 
a fissure eruption, but differing from it in being acid and in occurring in 
one thick flow rather than in several superposed sheets. The 600-meter 
sheet of rhyolite in Yellowstone Park is explained in this way. The 
fact that the geysers require more heat than such a flow can well supply 
is also accepted as a confirmatory indication that the rhyolite is not a 
true flow, but is merely the top layer of a great batholith which is basic 
in its lowest levels. 

The paper, however, deals chiefly with the question of central erup- 
tions, and the first problem presented is that of the opening and localiza- 
tion of the vent. If there be a pre-existent fissure it is doubtless suscepti- 
ble of enlargement by the superheated lava; this may be accomplished by 
the solution and mechanical removal of the wall rock by the lava, or 
by the melting and explosive abrasion effects of the magmatic gas. If 
the latter become segregated and explosive, a diatreme, or tube sur- 
mounted by a funnel results, and this may also form in unfissured rock. 
In other cases the magmatic gases, highly heated and under great pres- 
sure, may collect in the hollows or cupolas of the roof of the batholithic 
chamber, thereby localizing and intensifying the stoping action of the 
magma. The latter may thus work the last few kilometers of its way 
to the surface unaided by a fissure. 

A large part of the remainder of the paper is based upon an analysis 
of conditions in Kilauea. Mathematical calculations prove that an 
enormous amount of heat is lost at an open vent, and that the heat lost 
by radiation is over fifty times as much as that lost by conduction. 
Ordinary convection between the main feeding chamber and the vent 
is then proved inadequate to sustain heat in the latter. The conception 
of two-phase convection is then advanced: the magma rises continually 
because of its vesiculation, and, having discharged its gas at the surface 
of the lava lake, sinks again down the pipe to the main feeding chamber. 
This is the explanation of the currents in the Kilauea Lake and of the 
Old Faithful fountains which are thought to be located directly over the 
pipe, and to be due to the ever more rapid rise of the vesiculate magma as 
jt nears the surface. Figures for the loss of density of the lava, after 











= 


{we 











474 PETROLOGICAL ABSTRACTS AND REVIEWS 


a given amount of vesiculation, are adduced, and also for the velocity of 
solitary bubbles rising through a magma of given viscosity and at a given 
pressure; while the rate of rise of a mass of vesiculated lava in a non- 
vesiculate magma is estimated by the analogy of solid spheres moving 
under gravity in viscous liquids. These computations indicate that such 
a process is eminently possible, and it is regarded by the author as 
essential to the prolonged maintenance of activity. The action of the 
gases is further extended in the conception of the volcanic furnace. If 
the juvenile gases accumulate at the top of the magmatic chamber as 
indicated they will become concentrated in the actual volcanic pipe, and, 
according to the law of mass action, exothermic reactions on a large 
scale between the gases themselves are to be expected. Moreover, there 
may be other, and endothermic, compounds formed in the primitive 
earth, and the energy thus potentialized in the substratum will be liber- 
ated at these levels of greatly lessened pressure. Even before the magma 
reaches the surface such conditions will exist in the cupolas of the roof, 
and these highly heated gases, still under great pressure, will exercise a 
tremendous blowpiping action. The réle of the gases in volcanic action 
is therefore a very important one. 

The gas-fluxing hypothesis also explains the small size of observed 
volcanic pipes, since the slow passage of relatively small amounts of gas 
would not be expected to open a large vent. A very minute deformation 
would have a great effect on the rise of the gas, which would set all of the 
aforementioned processes in operation and reopen a dormant vent, so that 
the difficulty of explaining periodic vulcanism is lessened. Magmatic 
differentiation in central vents is to be largely explained upon principles 
which have been demonstrated in plutonic geology. Lava is however 
especially prone to differentiation, owing to the fact that it is kept fluid, 
but at a fairly low temperature, for a long time; that it has excellent 
opportunities for assimilating the wall rock; and that in each period of 
dormancy much of it passes through the stage of crystallization. Prog- 
ress in magmatic differentiation decidedly favors explosiveness, which 
is due to the tension of the gases, so that it is only in fairly mature vents 
that this feature of volcanic activity is pronounced. 

Direct offshoots of main abyssal injections have so far been con- 
sidered. They form batholiths; and plutonic stocks and bosses are inter- 


preted as cupolas in batholithic roofs. Sheets, dikes, and laccoliths are, 
however, distinctly satellitic, and soon lose thermal and hydrostatic 
communication with the main abyssal injection. It is only in the case 
of laccoliths that a mass of molten rock may be injected which will 
retain its heat for considerable periods; and such a mass may give rise 
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to subordinate vulcanism. Professor Daly considers Kilauea to be 
located upon a satellitic injection or laccolith. He formulates the 
characteristics of subordinate volcanoes as follows: brief activity, 
geologically speaking, small output of lava, a cluster grouping of the 
vents rather than an alignment, and the existence of traces of surface 
deformation due to the injection of the laccolith between the strata. 
lertiary and Paleozoic examples are probably represented in Suabia and 
Scotland. 

This theory of Professor Daly’s is thus systematic and plausible, 
granting the existence of the basaltic substratum; and his practice of 
invoking the aid of physical formulas to support his ideas is highly 
commendable. To one who has not been closely following the work of 
Professor Daly along these lines, many of the somewhat novel views to 
which he casually refers in the present paper may be startling, but the 
more obvious objections to these at least have been disposed of in the 
author’s previous articles. In a recent paper he estimates the amount 
of assimilation which a given mass of basalt can accomplish, and finds 
that about five mass-units of this rock will furnish the heat energy neces- 
sary for the solution of one mass-unit of granitic gneiss. A 5:1 mixture 
of rocks containing say 48 and 73 per cent of silica respectively would 
contain only about 52 per cent of that constituent, however, and it is 
evident that very extensive gravitative adjustment would be required to 
produce from this magma such a mass as the rhyolite flow at Yellow- 
stone Park. The conception of Kilauea as a subordinate volcano is an 
interesting one; Professor Daly might perhaps have strengthened his 
argument by a calculation of the annual loss of heat of a laccolith of 
this size, and so have arrived at an estimate of the length of time that 
it could remain molten after injection. The fact that the whole theory 
is founded largely on the study of but oné group of volcanoes might 
also be urged against it, but the paper nevertheless stands as a very 
interesting and suggestive discussion of those processes whose manifes- 
tations have long been the subject of speculation to the human race. 

G. S. RoGERs 


Mitcu, L. “Ueber Plastizitat der Mineralien und Gesteine,” 
Geolog. Rundschau, Bd. II, Heft 3 (1911), 145-62. 
Milch’s paper presents the results of various investigators on the 
plasticity of minerals and rocks with a bibliography of the literature. 
Perfect rigidity and plasticity are limiting conditions which no sub- 
stances possess. A substance is perfectly rigid when it cannot be 


deformed by any amount of stress. It is perfectly plastic when it offers 
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no resistance to stress. Ordinarily, a substance is said to be plastic 
when it can be continuously deformed without rupture. Experiment 
shows that all substances are probably latently plastic depending on 
pressure, temperature, and time. Gypsum, stibnite, halite, calcite, ice, 
galena, cyanite, fluorite, apatite, anhydrite, bismuthunite, vivianite, 
lorandite, graphite, molybdenite, brucite, mica, and sylvite are found 
to be plastic at room temperature when subjected to pressure in one 
direction, as shown by the work of Brewster, Reusch, Bauer, Averbach, 
and Miigge. They are found to be more plastic in certain directions 
than in others. Miigge’s experiments seem to indicate that plasticity 
in crystals is conditioned by “planes of translation,” along which move- 
ment takes place when the crystal is deformed, and that crystals having 
“translation planes’’ are plastic under all physical conditions when 
adequate differential force is applied. About 77 crystal species have 
been tabulated by Vernadsky which show gliding planes, among them 
hornblende, topaz, dolomite, corundum, beryl, tourmaline, and epidote. 

The conclusion seems justified that all substances, even those which 
have not been shown to be plastic by experiment, are plastic under the 
conditions which prevail in the deep parts of the earth, since the degree 
of plasticity increases with temperature and pressure. H. Tressa in 
1864 showed that the plasticity of lead, aluminum, and ice was greatly 
increased under pressure. By means of pressure, W. Spring (1880) 
welded various metal powders and caused them to flow through an 
aperture. In 1902 and 1903 G. Tamman proved that flowage in these 
cases was due to internal friction and not to temporary melting. 

After A. Heim had appealed to plasticity as the means by which 
mountain deformation is accomplished, confirmatory experiments 
seemed desirable. Pfaff’s and Giimbel’s experiments (1879 and 1880) 
were futile because they did not prevent fracture by supplying adequate 
pressure on all sides. In 1886 O. Miigge succeeded in getting plastic 
deformation of diopside, galena, and anhydrite by first imbedding them 
in lead or zinc and then subjecting them to pressures on all sides. In 
1892, G. Kick imbedded test materials in molten alum, sulphur, and 
shellac inside a copper tube, and compressed them between the plates 
of a hydraulic press. He succeeded in getting plastic deformation of 
halite and marble. F. Rinne (1903), amplifying Kick’s experiments, 
flattened calcite rhombohedra under a pressure of 1,200 Kg/qcm, but 
they partly broke into powder. Halite and sylvite, however, were 
deformed without fracture, loss of strength, or clearness. F. D. Adams 
(1910) continued Kick’s experiments, and found that minerals were 


plastic in an inverse ratio to their hardness. Minerals less than 5 in 
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hardness were plastic. Fluorite was plastic. Diopside, hardness 5.5, 
leveloped polysynthetic twins. Apatite showed signs of plasticity. 
Orthoclase ruptured, but the particles were optically deformed. Quartz 
acked plasticity, while marble was perfectly plastic. Granite suffered 
ataclastic deformation but became gneissose. In Kick’s experiments 
the lateral resistance was insufficient and it was impossible to state how 
nuch pressure acted on the sample, since it was distributed over 
the metal tube, imbedding substance, and the sample itself. In order 
to overcome this trouble, F. D. Adams and C. G. Coker (1910) devised 
1 thick tube of nickel steel, made of a steel block. The receiving tube 
vas carefully bored out and polished and was slightly less in diameter 
than the cylinder of rock which was to be tested. The rock cylinder was 
inserted when the tube was hot. The compressing rod which fitted into 
the receiving tube was made of hard chrome-tungsten steel. The cart- 
ridge was weaker near the middle so as to prevent the material from 
flowing around the compressing rod. They succeeded in getting per- 
fectly plastic deformation of Carrara marble and the strength tests 
showed an increase in strength with an increase in the deforming stress. 
The pressure exerted was equal to a depth of 41 miles of the earth’s 
crust. 

The following experiments illustrate the relation of temperature and 
pressure to plasticity. G. Tamman showed that for a series of metals 
an increase in temperature of 10 degrees caused a doubling of the rate 
of discharge through an aperture, all other conditions being equal. 
L. Milch showed that halite, melting point above 800°, is plastic at 200°C. 
Doelter observed that silicates pass through a transition stage of 
peculiar viscosity when passing from the crystalline to the molten state. 
Similarly, A. L. Day and E. T. Allen found that albite could be readily 
bent when in this state. ‘ Protoklase” (see Rosenbusch, Elemente der 
Gesteinslehre, 65, 3d ed.) is explained by W. Salomon (1910) as the effect 
of the pressure of intrusion on magmas in this state. In 1901 Nicholson 
and Adams did not succeed in getting perfect plastic deformation of 
marble except at temperatures of 300°-400° C. In 1910, Adams and 
Coker succeeded in getting plastic deformation of marble at a lower 
pressure when it was heated than at ordinary temperatures. 

The value of the time factor in plastic deformation is shown in the 
following experiments, which prove that extended plastication favors 
deformation. In 1910, F. D. Adams investigated the time factor by 
deforming a marble column one minute and finding on immediate testing 
that it retained 60 per cent of its crushing strength. It retained 65.7 
per cent of its crushing strength when tested 100 days later and retained 
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on an average about 84.7 per cent when subjected for 30 days to a 
gradually increasing pressure. When left two years in the apparatus, 
one cylinder had even gained in strength. A marble cylinder deformed 
slowly for 64 days had about double the crushing strength of one equally 
deformed in 1o minutes. 

However, deformation of rocks without fracture in nature is not 
believed by all to mean plastic deformation. Grubenmann, Becke, and 
Van Hise have emphasized the importance of mineral elongation normal 
to the pressure by means of solution on maximum pressure surfaces and 
redeposition on surfaces of minimum pressure through the agency of 
water. Opinions are also divided on the relation between rock deforma- 
tion and the deformation of their constituent minerals. A. Heim (1908) 
believes that rock deformation and mineral deformation are distinct. 
A rock may be deformed without fracture as a whole, whereas its 
individual minerals may in part be fractured and others deformed as 






























plastic objects. T. Lehmann (1889) regards deformation which is 
accomplished without rock fracture as a whole but by the fracture of 
individual minerals as “bruchlos,’’ deformation without fracture. 
Weinschenk disbelieves in plastic deformation in general, but admits 
its possibility in slates and marbles, and claims they always present evi- 
dence of fracture. He asserts that in many cases schistosity was devel- 
oped by magmas crystallizing under differential pressure. Steinmann 
(1907) is opposed to the latent plasticity view of A. Heim, but admits 





that thickening and thinning of rock strata has been important. C. 
Schmidt (1908) is not opposed to the view that plasticity is possible at 
sufficient depth but believes that Heim has not allowed for sufficient 
depth in his assumptions. C. R. Van Hise, Becke, U. Grubenmann, 
have emphasized the action of water as an agent in causing deformation 
without fracture, but do not deny that plastic deformation may be 
possible. E. STEITMANN 
Prrsson, L. V., and Rice, W. N. “Geology of Tripyramid 
Mountain,” Am. Jour. Sci., 4th ser., XXXI (April, ror), 
269-91. Figs. 6. 





Pirsson, L. V. “Petrography of Tripyramid Mountain,” Am. 
Jour. Sci., 4th ser., XXXI (May, 1911), 405-31. Fig. 1, and | 


analyses. 
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The first paper describes the geology of Tripyramid Mountain, N.H., 
and discusses the probable origin of the mountain. In the second the 
several rock types entering into the composition of the Tripyramid 
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laccolithic intrusion are described in detail, both megascopically and 
microscopically. These include gabbro (hessose), norite (andose), 
monzonite (monsonase), and alkalic syenite (nordmarkose) in con- 
centric zonal arrangement with which are associated as dike rocks 
quartz syenite-aplite (liparase) and lamprophyres (grano-andose and 
hornblende-grano-andose). The modes of the several rocks are deter- 
mined and compared with the norm calculated from thechemical analyses. 

The several types are considered to be differentiation products 
from an original monzonitic magma. Occurring as complementary final 
products of the differentiation are the two classes of dike rocks. In the 
case of the basic dikes it is shown that magmas of similar chemical com- 
position may produce rocks of markedly different mineralogical compo- 
sition—the essexite and camptonite dikes. 

A brief general discussion follows on the broader application of the 
principles derived from the study of this peculiar aggregation of rocks, 
and the author concludes with a speculation concerning the origin of 


the alkalic magma. A. W. STICKNEY 


SoLtas, W. J., and McKay, ALEXANDER. The Rocks of Cape 
Colville Peninsula, Auckland, New Zealand. Two vols. 
Wellington, 1905 and 1906. Pp. 289 and 215. Illustrated. 

These two volumes constitute a report relating to the Hauraki 
goldfields of the Auckland Provincial District, and mainly to Cape 
Colville Peninsula. The preliminary part of the report, of over a 
hundred pages, by Alexander McKay, government geologist of New 
Zealand, gives a general introduction to the geology of the district. 
The remainder of the first volume and the greater part of the second is 
taken up with petrographic descriptions of some four hundred thin 
sections of rocks from the Colville Peninsula; the determinations and 
petrographical descriptions by Professor Sollas, and the illustrations 
and notes as to locality, formation, etc., by Mr. McKay. There are 
also described ninety-two thin sections from other parts of New Zealand, 
including the Cheviot Hills and the east shore of Palliser Bay, 
Wellington. 

The volumes are profusely illustrated with hundreds of full-page 
halftones of thin sections, a most excellent though expensive method 
of assisting a reader to obtain an idea of the individual rock specimens. 
Unfortunately many of the halftones are not so sharp as they might be, 
but the work, on the whole, is the most elaborate catalogue of rock 


slides yet attempted. ALBERT JOHANNSEN 
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THomMAS, HERBERT HENRY. ‘‘The Skomer Volcanic Series (Pem- 
brokeshire),”’ Quart. Jour. Geol. Soc., LX VII (1911), 175-212. 
Figs. 13; map 1, and analyses. 

The extreme west coast of Pembrokeshire, England, with the immedi- 
ately outlying islands to the west, of which Skomer Island is the largest, 
consist for the greater part of a succession of lava flows. The rocks 
furnish some unusual mineral associations; and two new rock types are 
developed and described. A descriptive bibliography relating to the 
geology of Skomer Island is given. 

Stratigraphic evidence shows the volcanic rocks to be pre-Upper 
Llandovery, probably lower Arenig in age. The rocks are mainly a 
succession of thin subaerial lava flows of considerable lateral extent 
with which are associated a few doleritic sills representing a later intrusive 
stage. Interbedded with the volcanics are thin beds of conglomerates, 


quartzites, and red clays. 

The petrography of eight distinct types of igneous rocks with several 
variants is described in detail, and their geographical distribution given. 
The rocks include soda-rhyolites and felsites, soda-trachytes, kerato- 
phyres, mugearites, olivine basalts, and olivine dolerites; and the two 


new types skomerite and marloesite. 

These two new types are porphyritic rocks of rather basic composi- 
tion, characterized by the association of a high proportion of albite 
with olivine and augite. The name skomerite is applied to a rock con- 
sisting of porphyritic laths of somewhat altered albite-oligoclase, 
subidiomorphic augite, and small idiomorphic crystals of olivine, in a 
groundmass of unoriented albite-oligoclase laths. Marloesite is de- 
scribed as containing glomeroporphyritic crystals of albite-oligoclase and 
altered olivine in a fine-grained groundmass of subidiomorphic augite, 
albite microlites, soda-bearing hornblende, and accessory iron minerals. 

The more acid rocks of this series show interesting mineralogical 
variations from the generally recognized mineral associations. As the 
most notable peculiarity, these rocks contain soda-rich feldspar pheno- 
crysts in intimate association with porphyritic crystals of olivine, hyper- 
sthene, and augite. The author recognizes the possibility of an original, 
more basic character of the rocks and a subsequent increase in soda- 
rich feldspar by albitization, but concludes, on good evidence, that 
the albite for the dominate part is original. 

The rocks show an extrusive sequence from acid to basic and basic 
to acid, with a resulting frequent repetition of the same types of rocks. 

A. W. STICKNEY 








